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ABSTRACT 
An astatic magnetometer utilizing transversely mag-
netized magnets of large specific dipole moment has been design-
ed and calibrated. With a period T = 4.6 seconds, P/I = 1.35 x 
103 c.g.s. units, and ~n astaticism of 6 x 103 or more, the 
performance of the instrument compares well with that of more 
sensitive astatic magnetometers described in the literature. 
The present reciprocal sensitivity of 3.9 x 10-7 oe/mm scale 
deflection is sufficient for the accurate measurement of remanent 
magnetization of specimens with minimum intensity J = 1 x 10-5 
e.m.u./cm. A tenfold increase in sensitivity, permitting measure-
ment with relatively short period (T < 15 sec.) of the more 
weakly magnetic sedimentary rocks, is easily accomplished by 
changing the suspension, but has not been carried out pending 
removal of the instrument to a magnetically less disturbed site. 
At the present location on the second floor of a university 
science building, serious short-period mechanical vibrations also 
presented a problem at first, but these have been virtually 
eliminated by means of a specially designed, top-heavy spring 
suspension for the magnetometer. 
The magnetometer has been used to measure the natural 
remanent magnetization of rocks collected in 1965 in three areas 
of Newfoundland. A detailed study of 25 samples of f lat-lying 
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INTRODUCTION 
Palaeomagnetism is fast developing into one of the 
most widely studied branches of geophysics. The interest in 
this subject originates mainly from the fact that knowledge 
of palaeomagnetic directions of rocks can be effectively used 
to solve many physical, geological and mineralogical problems. 
One of the properties usually exhibited by a rock is 
its behaviour as a magnet with a North and a South pole and a 
magnetic axis. The magnetization in a rock can usually be 
expressed in terms of two components, the induced magnetization 
and the remanent maiRetization. The former requires the 
presence of an external field while the latter can be present 
in the absence of such a field. It is this remanent or perman-
ent magnetization which is of importance in palaeomagnetism. 
MOst rocks owe their magnetism to the presence of one 
or more oxides of iron, while in some cases iron sulphides are 
also of importance. Usually these minerals constitute only a 
small proportion of the rock volume, being distributed in a 
groundmass of paramagnetic or diamagnetic minerals. Magnetite 
(Fe304), titanomagnetite (solid solution between Fe304 and 
TiFe?o4), maghemite (r-Fe2o3 ), hematite {~Fe2o3 ), and ilmenite 
(TiFeo3 ) are the oxides of iron most important in rock magnetism, 
while ·pyrrhotite (Fes1 ) is the only important sulphide. +x In 
I 
i 
I WI 2· if!l~·. ·. :· . 
1~ ~ 
1~~ ~ all cases the significance of these minerals, or of the solid :9~ 
~ solutions between some of the oxides, lies in their property i~ 
~'.{t 
0l ~ of ferromagnetism which enables them to have remanent magnetism 
' in the absence of an external field. ~ ;,~· 
r An important property of ferromagnetic materials is 
that they occur in the form of crystals. The ferromagnetic 
character of the material is then derived from strong inter-
action of electron spins among neighbouring ions in the crystal 
lattice, which tends to align all the spin magnetic moment 
vectors against the randomizing effect of thermal agitation. 
Then, according to the quantum mechanical interpretation, the 
exchange energy will be a minimum when the spins of the neigh-
bouring ions or atoms become parallel or antiparallel. Thus 
there will be a net magnetization (the spon}aneous magnetization) 
in the absence of an external field. When the temperature is 
raised the ·spins are increasingly deflected from their close 
alignment; hence the spontaneous magnetization decreases, fall-
ing to zero at the Qurie temperature, Tc; this is a character-
istic parameter of ferromagnetic materials, which become para-
magnetic at temperatures above Tc• 
Despite the property of spontaneous magnetization, 
ferromagnetic materials nearly always need an external field to 
acquire a remanent magnetization. This phenomenon can be explain-
ed by the Domain Theory, according to which even a single ferro-
magnetic crystal usually consists of numerous magnetic domains 
3 
separated by discontinuous boundaries. Thus, while individual 
domains have parallel spin alignment, the vector sum of the 
moments of a large number of domains is zero. An external 
field gives the material a net magnetization by deflecting the 
average spin moment towards the field direction. 
With or without an external field, however, the 
arrangement of magnetic moments in the crystal depends upon the 
condition that the total energy per unit volume must be a 
minimum. If the entire volume of the crystal or grain were a 
single domain, the magnetostatic energx would become significant 
because of the dominant effect of free poles. This tendency is 
opposed by the formation of domains having the size and shape 
consistent With minimum total ene.rgy. Due to the magneto-
crystalline energy, however, the parallel spin moments in each 
domain tend to lie along the crystal axis of easiest magneti-
zation. This will further modify the size and shape of the 
domains, tending to enlarge those whose magnetization lies in 
the direction of the external field, and to reduce the size of 
the others. Finally, a considerable amount of magnetoelastic 
energy, arising from internal stress, may be stored in the 
material, so that in the end four energy forms, exchange, 
magnetostatic, magnetocrystalline and magnetoelastic energy 
contribute to determine the optimum number, size and shape of 
domains in a ferromagnetic substance. 
Actually, the magnetic properties of the minerals 
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4 
important in rock magn.atism are largely derived from terri-
magnetism, a phenomenon closely related to ferromagnetism • 
Here the magnetic ions occupy two sublattices, A and B, in the 
unit cell of the crystal, where the spins in A are directed in 
opposition to those in B because of strong nega ti·ve interaction 
between the two spin systems. The result is an antiparallel 
spin arrangement, but with a net magnetic moment in one or the 
other direction, since the number of ions as well as their 
individual moments are different in A and B. Magnetite, titano-
magnetite, maghemite, pyrrhotite, and ilmenite-hematite solid 
solutions in a certain compositional range, all exhibit terri-
magnetism • 
If the energy supplied by the applied field is not 
greater than the magnetic energy barriers, the direction of 
magnetization will return to its original position when the 
field is removed. Thus the reversible or induced magnetization 
will result. 
However, a characteristic property of all ferromagnetic 
substances is magnetic hysteresis: their intensity of magnet-
ization, J, reaches a maximum value, Js, at saturation in a 
finite magnetizing field, but does not disappear when the field 
is again reduced to zero. Instead, the domain vectors retain a 
preferential alignment that corresponds to the remanent magnet-
ization, Jr, whose magnitude may be a substantial proportion of 
Js. When the field is increased again, but in opposition to 
5 
its previous direction, J decreases further until it vanishes 
for a field -H0 , the coercive force. 
Rocks may acquire their remanent magnetization in one 
of several ways depending on the method of formation of the 
rock and its subsequent history. Igneous rocks, which are formed 
by the cooling of liquid magma, tend to acquire most of their 
magnetization as they cool through the Curie temperatures of 
their ferromagnetic constituents. Laboratory experiments by 
numerous workers (Irving 1964) indicate that the direction of 
magnetization acquired by this process, known as thermoremanent 
magnetization (TRM) in most cases lies accurately in the direct-
ion of the applied field. However, in rocks having shape or 
crystal anisotropy, the TRM may not be along the ambient field, 
in which case they make palaeomagnetic interpretations more 
difficult. Anisotropy tends to be negligible in igneous rocks, 
which have no grain structure and prominently contain the 
isotropic crystals of magnetite, titanomagnetite, or maghemite. 
It may not be negligible in rocks whose main ferromagnetic 
component has strong crystalline anisotropy (e.g. the ilmenite-
hematite system, or pyrrhotite), or in certain sedimentary or 
metamorphic rocks where shape anisotropy may result in a 
preferential alignment of grains related to rock structure. 
Neel (1955) proposed a theory of the TRM for single-
domain particles. In Neel's theory, the magnetic moment of the 
single grain can lie along one of two mutually opposite directions 
6 
consistent with minimun energy per unit volume of the grain. 
Separating these directions is an energy barrier given by 
where v is the volume of the grain, H0 is the coercive f'orce 
and J 6 is the spontaneous magnetization of the mineral. If E 
exceeds the thermal energy kT (k = Boltzmann's constant, 
T =Absolute temperature), no change of the magnetic direction 
across the barrier will result. When the temperature is suffic-
iently high, or the volume sufficiently small, however, the 
magnetic moments can cross the energy barrier, causing all mag-
netic vectors to have a single orientation. The combined effect 
due to all the oriented domains results in a value J 0 of the 
initial magnetization. 
After a given time t, this value will decay to JR where 
JR = Joe- t/-co 
and ~o is called the relaxation time. Neel (1955) defined T0 as 
I A(-~)1/2 e-vHCJ8 /2kT ""Go -
J l/2 
e- 't v/T 1:.0 - A(.Y.) T 
where constants A and r depend on the elastic and magnetic 
properties of the mineral. As these constants are known for 
iron, Neel showed that ~o , v/T and grain diameters at room temp-
erature are related as follows in the case of iron: 
v/T 
-21 ).2 X 10 
-21 ?.0 X 10 
-21 9.6 X 10 
7 
'Co (at 
0.1 sees 
)40 years 
).4 X 109 years 
Grain diameter 
room temperature) 
0 
120 A 
0 
160 A 
0 
180 A 
Thus the direction of magnetization in a grain with 
0 
diameter less than 120 A and at room temperature is quickly 
changed by the thermal fluctuations, and the application of a 
weak field to a number oi such grains causes a net magnetization 
in the direction of the field. On the other hand, an increase 
17 in v/T by a factor of 3 increases ~o by a factor of 10 • Stacey 
(196J) proposed a theory of TRM for multi-domain grains. 
One way in which sedimentary rocks may acquire their 
remanent magnetization is by the preferential alignment of the 
ferromagnetic mineral grains (which along with non-magnetic 
particles, have been derived from older rocks by erosion) along 
the ambient field during their deposition, say in water. This 
is called detrital (or depositional) remanent magnetization (DRM). 
However, Griffiths, King and Wright (1957) point out that the 
magnetic inclination may deviate systematically from that of the 
ambient field due to rolling of particles over others at the 
sediment surface as this process is affected by shape anisotropy. 
There are also other types of remanent magnetism which 
\ ~  .... 
8 
a rock can acquire, such as chemical remanent magnetization 
(CRM), isothermal remanent magnetization (IRM) and viscous 
remanent magnetization (VRM). Cox and Doell (1960), Nagata 
(1961), and Irving (1964) have . discussed in detail these 
various forms of natural remanent magnetization (NRM) of rocks. 
The earlier classic work in palaeomagnetism by 
Chevallier (1925) indicated that the remanent magnetism of lava 
flows on Mt. Etna was parallel to the earth's magnetic field 
as measured at nearby observatories at the time the flows erupted. 
Thus Chevallier established clearly that the rocks which he 
studied acquired their remanent magnetism at the time of their 
!:: formation. Other pioneers, such as Koenigsberger (19)0), demon-
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strated repeatedly in the laboratory that the remanent magnet-
ization of rocks heated above the Curie points of their ferro-
magnetic constituents and cooled in an ambient field nearly 
always had the same direction and sense as that field. These 
early investigations served to establish confidence in the ulti-
mate usefulness of the NRM of rocks as a fossil compass. This 
confidence has been justified by more recent studies, which have 
also increasingly emphasizeffi, however, that reliable conclusions 
from rock magnetism can be drawn only if the "stability" of the 
NRM, as defined below, can be clearly established. 
The stability of rock magnetism is its resistance to 
change under given conditions; thus the NRM of a rock is said to 
be stable if it, or some identifiable component of it, has not 
9 
changed its direction significantly in the presence of forces 
tending to alter it during the rock's history. Both field and 
laboratory tests can be performed to study the stability. The 
fjeld tests include Graham's classic fold test and the conglom-
erate test (Graham, 1949)• -In the laboratory, the stability of 
NRM is tested by one or more demagnetization procedures, the 
most widely used being alternating field demagnetization (Thellier 
and Rimbert, 1954) and thermal demagnetization (Thellier; 1938). 
In the former method, the rocks are partly demagnetized in a 
smoothly decreasing alternating field, with the aim of random-
izing the directions of the magnetic moments in all domains 
having a coercive force less than the highest value of the 
demagnetizing field: this would leave intact the magnetization 
due to the "hard" (high coercive force) domains, which can often 
be assumed to have preserved the direction of the ambient field 
at the time the rock was formed. 
In thermal demagnetization the rock is heated to a 
certain temperature T1 and cooled in a zero field to atmospheric 
temperature, T0 , the direction and intensity of remanent magnet-
ization being measured before and after heat treatment. This 
process will destroy any magnetic component with blocking temper-
ature, TB < T1 , where TB is the temperature at which thermal 
agitation becomes effective in randomizing the domain moments of 
that component in a short time compared with the time of a 
measurement. Treatment is then repeated by heating to a temper-
ature T2 > T1 and again cooling to T0 in a zero field, and so on, 
10 
where T1 , Tz •••• Tn <. T0 , and T c corresponds to the component 
with the highest Curie temperature. The effectiveness of thermal 
demagnetization depends upon the fact that in many rocks the most 
stable (or "hardest") magnetic component is due to a TRM acquired 
in a weak field just below the Curie temperature, which remains 
after unwanted, less stable components (such as an IRM or partial 
TRM acquired at relatively low temperature a significantly long 
time after the rock was formed) have been removed by the treatment. 
An alternative thermal demagnetization technique consists of tak-
ing measurements during continuous heating of the sample to a high 
temperature, and calculating the direction and magnitude of the 
components destroyed in each temperature interval. 
Knowledge of the NRM of rocks has many useful appli-
cations. The evidence can be interpreted in terms of the geo-
physical hypotheses of continental drift and polar wandering. 
They have also found application in solving local tectonic problems, 
as well as in age correlation of rocks. An important application 
arises from reversals in polarity, which are a frequent occurrence 
in rock formations of various ages: these have been cited by many 
workers as evidence for reversals of the ·geomagnetic field during 
geological times (Hospers, 1955; Cox, Doell and Dalrymple, 196J), 
but an alternate possibility is that in some cases physico-chemical 
changes in the rock may cause it to acquire a magnetization directed 
in opposition to the acting field (Neel, 1951; Uyeda, 1958). 
However, the measurement of remanent magnetization is 
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essentially difficult. In general, measurements are carried 
out either electromagnetically or by means of an astatic mag-
netometer. Electromagnetic apparatus of the "rock generator" 
type was .pioneered by Johnson and McNish (19J8) of the Carnegie 
Institute of Washington. The astatic magnetometer was first 
used for the measurement of permanent magnetization of rocks by 
Japanese workers (reported in Nagata 195J). Blackett (1952) 
considerably improved the design of the astatic magnetometer and 
achieved a high sensitivity. 
The Physics Department of Memorial University has 
initiated a comprehensive project in rock magnetism, centered 
on studies of the natural remanence, magnetic stability and 
other magnetic properties of rocks from Newfoundland and adjacent 
areas. As part of this endeavour, the author has designed and 
calibrated an astatic magnetometer of fairly high sensitivity, 
modifying Blackett's design in some respects. During the summer 
of 1965, the author collected rock samples from various parts of 
Newfoundland and Labrador. The natural remanent magnetization 
of these rocks has been studied in detail and some possible 
interpretations have been suggested, subject to the limitation 
imposed by the fact that equipment for stability testing of the 
rocks became available only during the last stages of this work • 
The subject matter of this thesis is divided as 
follows: 
Chapter l deals with the design and construction of 
the astatic magnetometer, and Chapter 2 with its calibration 
i 
I 
~ 
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and performance. 
Chapter J d:ea~s .. wi th the method of measurement with 
the astatic magnetometer. 
Results of measurements of the magnetization of basalts 
exposed in Labrador are presented and discussed in Chapter 4. 
Chapter 5 deals with a discussion of preliminary 
magnetic measurements of some Ordovician argillites from the 
Springdale area of Newfoundland. 
The palaeomagnetic directions of a few samples of 
sedimentary breccia from the Virgin rocks shoals of the Grand 
Banks of Newfoundland, are discussed in Chapter 6, mainly to 
illustrate the procedure of measuring the remanent magnetism of 
cubical specimens. 
A summary and conclusions are presented at the end of 
this thesis. 
13 
CHAPTER 1 
DESIGN AND CONSTRUCTION OF THE ASTATIC MAGNETOMETER 
1.1 Preliminary remarks 
Methods for the measurement of magnetic fields 
associated with igneous and sedimentary rocks have been known 
for a long time, but accurate measurements of the direction of 
natural remanent magnetization of weekly magnetized rocks were 
made possible only in recent times, after the design of very 
sensitive magnetometers. Of these, two basic instruments, the 
spinner magnetometer and the astatic magnetometer, are of 
importance. 
The spinner magnetometer, a development of the "rock 
generator" of Johnson and McNish (1938), and advanced by 
Bruckshaw and Robertson (194roand others, works on the principle 
that a rotating magnetic dipole placed on the axis of a coil 
will induce an e.m.f. that is proportional to the frequency of 
rotation. In practice a double coil is used, wound in such a 
way that a uniformly changing magnetic field will induce no 
e.m.f., while a spinning rock specimen on the axis of the double 
coil can be approximated to a rotating dipole that will induce 
a net e.m.f. because of its greater proximity to the inner coil. 
This system effectively reduces external electromagnetic disturb-
ances to a small value, while the combination of a large spinning 
frequency and high amplification of the induced signal enables 
one to detect even the feeble magnetic moments observed in 
rl ~ 
t 
14 
sedimentary rocks. The direction of this remanence is then 
found by comparing the phase of the e.m.f. it sets up in the 
coil system with that of a suitable reference e.m.f. 
The other commonly used instrument is the astatic 
magnetometer, of which the pioneering application to rock 
magnetism is due to Blackett (1952). The author has set up an 
astatic magnetometer of similar general type to that of Blackett 
at the Physics Department of the Memorial University. The 
theoretical and experimental design of the above instrument forms 
the subject matter of this chapter. 
1.2 Principle 
An astatic magnetometer (Fig. 1) essentially consists 
of two small magnets fixed in a light vertical frame which is 
suspended by a thin fibre. The two magnets, of nearly equal 
magnetic moments, are fixed in the frame one above the other 
such that their directions of magnetization are horizontal and 
antiparallel. A small mirror, usually attached near the centre 
of the frame, reflects an optical beam to a scale conveniently 
placed at one to several meters from the system::. , to permit 
measurements of the angular deflections of the astatic system 
about the vertical axis to be carried out with a large magnifi-
cation. 
A perfect astatic system, i.e. the one in which the 
two magnets have exactly equal and opposite moments, should not 
15 
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be deflected by a changing uniform magnetic field. In a non-
uniform magnetic field, the deflection of the system is proport-
ional to the difference between the mean horizontal fields 
acting on the top and bottom magnets, respectively, and is thus 
a measure of the vertical gradient dH/dZ of the horizontal field. 
Many previous research workers, Blackett (1952), 
Collinson and Creer (1960), Nagata (1961) and Roy (196J), have 
discussed the design of astatic magnetometers of high sensitivity. 
Even though the basic design of the magnetometer described here 
resembles that of the other magnetometers, there is still room 
for improvement regarding various details of the design, and 
these will now be discussed with reference to the present 
instrument. 
l.J Theoretical design of the astatic magnetometer 
The total moment of inertia, I, of the astatic system 
is 
(1.1) 
where I 0 and I1 are the moments of inertia of a single magnet, 
and of the frame including the mirror, respectively. This may 
also be written as 
I = oC I 
0 
(1.2) 
where ,J:. is the ratio of the moment of inertia of the system 
to that of the individual magnet. The undamped period of the 
suspended system is 
17 
T· = 21T ff ,,~ (l.J) 
where q-- is the torsion constant of the suspension fibre. Since 
the system is operated at near critical damping, the period T of 
the system may be taken approximately as the time required for a 
single observation. The deflection, e (in radians) of such a ,. 
system due to a magnetic field H acting at right angles to the 
lower magnet of dipole moment P, is 
9 = HP/cr (1.4) 
From the above considerations, the sensitivity of the 
system is given by 
(1.5) 
·~e sensi ti vi ty is thus proportional to the square of the period 
for a given magnet system and to P/I for a given period. 
Thus there are two possible ways of attaining a high 
sensitivity: (1) by choosing a long period; or (2) by design-
ing the magnet system for the maximum possible value of P/I. 
However, certain practical considerations restrict the period to 
values below some maximum. First, at critical damping, the period, 
and therefore the time taken for a single measurement, would 
become excessive, if it exceeds, say, JO seconds. Secondly, the 
variation ll H of the local value of the geomagnetic field in the 
.rr:\ 
l· 
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time of observation T, may be written as 
L\H:: Td.H + J_T2-c;l.2.H + · " · 
ol -c ,_ a. e-
(1.6) 
The effect of the first term in (1.6) is to cause a drift of 
the light spot at a constant rate across the scale. This can 
be eliminated by distributing a drift correction over all the 
readings. If the system is not truly astatic, but has a residual 
magnetic moment P', the effect of the second term is to cause an 
error in the deflection 
(1.?) 
Blackett has discussed this error and estimated that the ·maximum 
value for the period is about 60 seconds in order that the above 
error may be insignificant. 
1.4 Design for maximum value of P/I 
As, from the above considerations, the period of the 
system cannot be increased indefinitely, the design should be 
made for as large a value of P/I as possible within certain 
limitations imposed by the frame of the system (see below). 
It is general practice to use prismatic magnets of 
square cross-section in astatic magnetometers. They can be 
magnetized either (1) parallel to the long side or (2) parallel 
to one of the short sides. In either case, the magnets are 
mounted in such a way that their magnetic moments are horizontal 
as well as antiparallel when the system is suspended (Fig. 2). 
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The moment of inertia of a transversely magnetized system is 
then less than that of a longitudinally magnetized system of 
the same shape and magnetic moment per unit mass, and hence it 
will be more advantageous to use transversely magnetized magnets. 
Further, for the same sensitivity, the transversely magnetized 
system has the advantage over a longitudinally magnetized system 
of having a shorter period. However, longitudinally magnetized 
magnets have been largely used in the past because of the 
unavailability of transverse magnets with sufficiently high 
specific moments. 
There is, however, a realistic lower limit to the 
moment of inertia of the frame of the system. First, the system 
should be rigid enough to maintain a high degree of astaticism, 
and secondly, a mirror which is large enough to give a clear 
image is to be attached to the frame. Roy (196J) has discussed 
these limitations in some detail and estimated that a transversely 
magnetized system with upright magnets will have maximum sen-
sitivity when its total moment of inertia is 4 times the moment 
of inertia of an individual magnet, i.e., in equation (1.1), 
I = 4! 0 (1.8) 
In selecting the material of the magnets, the following 
considerations are relevant: 
(1) The magnets should have a large dipole moment and 
a small moment of inertia; 
( 2) The material of the magnets should have high 
coercivity to render their magnetic moments insensitive to short-
21 
period relaxation effects or to the action of magnetic torques 
encountered in the laboratory during their lifetime. 
The dipole moment P of a rectangular magnet of mass 
m is 
P=mJ(f?>) (1.9) 
where J( ~ ) is the dipole moment per unit mass and (2> is defined 
as the "fineness ratio", ~ = ..t /d where .t and d are the length 
and height, respectively, of a magnet of square cross-section 
(see Fig. 2). Then J( ~ ) is a function of the shape of the 
magnet and may either be calculated from the known B-H curves 
for the material or found by direct measurement of the dipole 
moment of the magnet of given mass and shape. Table I gives 
details of the properties of different permanent magnet materials, 
while Fig. 3 shows the variation of J( ~ ) with fineness ratio 
~ for the same materials. Both Table I and Fig. 3 have been 
mostly copied from Blackett (1952). However, for the data on 
Magnadur III, the specifications listed by the manufacturer, 
Mullard and Co., London, England (1964) have been quoted, and 
the data for the material Ferroxdure is from Chika~umi (1964). 
The special advantages of the material Magnadur III will be 
discussed in Section 1.6. 
A practical limit to the useful increase of P is that 
the field produced over the region of the specimen by the magnets 
should not be so large as to affect the magnetization of the 
specimen; i.e., it is necessary to avoid errors in the measure-
22 
TABLE I 
* PROPERTIES OF SELECTED MATERIALS FOR PERMANENT MAGNETS 
MATERIAL COMPOSITION { Br H0 (BH) x NO. OF ~ CURVE IN (_~"'knD {gauss) (oe) x i ·o- FIGURE 3 (gauss x oe) 
Ma.gnadur III BaFe12o19 4.8 3700 3000 3.3 1 
Alnico 10Al,l7Ni, 1·5 7250 560 1.70 2 12Co,6Cu 
Ferroxdure BaO, 6Fe2o3 4.5 2000 1500 3 
Alcomax IV 8A1,12Ni,24Co, 7.5 11200 750 4.3 4 
6Cu,2Cb 
Ticonal K 7.3 9050 1080 3.96 5 
Vecto1ite 44Fe3o4 ,30Fe2o3 3.12 1600 900 0.5 6 
26Co2o3 
f = density, Br = remanence, H0 = coercive force 
*Data taken from Blackett (1952), Chikazumi (1964), and Mullard 
and Co. Catalogue (1964). 
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ment of remanence of rock specimens that would be caused if the 
field due to the astatic system were to introduce a significant 
viscous component with time constant of the order of the length 
of a measurement. However, in most practical applications this 
error can be considered negligible, provided the distance of the 
specimen from the closest magnet is not too small. 
· Another parameter to be considered in the design of 
an astatic magnetometer is the distance L between the two magnets. 
In general, L should be large enough so that when the specimen 
is placed close to the lower magnet, the field Hu it produces at 
the upper magnet is a small fraction of the field HL at the lower 
magnet. The usual practice is to vary L between 3 and 20 ems. 
Even though the above consideration makes it useful to increase 
L as much as possible, the greater moment of inertia of a long 
magnetometer and the greater fragility of such a system will 
offset the advantage. Moreover, it will be difficult to astatize 
such a long magnetometer, because the production and maintenance 
of a uniform (zero or finite) field over the region of the system 
becomes increasingly difficult as its length increases. 
1.5 Experimental design of the magnetometer 
In the experimental design of the magnetometer, care 
is taken as much as possible to adhere to the theoretical con-
siderations discussed above. 
For the time being, the magnetometer has been installed 
25 
in a second-floor laboratory of the Science Building, which 
has serious disadvantages: 
SJ'ld (1) The presence of both constant;time-varying fields, 
caused by ferromagnetic materials and the use of d.c. and a.c. 
equipment in adjoining parts of the building, can introduce 
distortions of the magnetic· field in the neighbourhood of the 
astatic system, in the form of permanent field gradients or as 
more or less temporary disturbances. In the latter case, e.g. 
as a result of switching on or off the d.c. power in an adjacent 
room, the null position of the astatic system may be shifted, 
causing a delay in measurements. Such interference can be avoided 
through choice of quiet hours for making observations, but 
permanent gradients are a more serious matter, as they are not 
removable by the Helmholtz coils surrounding the astatic system 
(see Section 2.2.) which produce only uniform field components 
at its center. It was decided, therefore, to conduct a magnetic 
"survey" of the laboratory, using a compass and dip needle, to 
locate the space where the astatic system would be surrounded by 
as uniform a field as possible and temporary electromagnetic 
disturbances would be at a minimum. As a result of the survey, 
the magnetometer was assembled in a region near the centre of 
the room, where the gradient turned out to be insignificant. 
(2) Mechanical vibrations transmitted through the 
floor below the magnetometer resulted in an almost continuous 
motion of the astatic system, observed at the scale (1.8 meters 
26 
distant from the mirror) as a horizontal oscillation of the light 
spot, with period of 1-2 tenths of a second and a varying amp-
litude, which, however, was seldom less than 0.5 em. This effect 
was eliminated almost entirely by means of a special suspension 
for the magnetometer housing (Plate 2) which is described in 
Section 1.8. 
1.6 Material of the magnets 
In choosing the material of the magnets, advantage was 
taken of the fact that sintered materials are now available which 
can be magnetized in a transverse direction. Magnadur III magnets 
prepared by Mullard Ltd., London, are very suitable ~or astatic 
magnetometers as they approach the conditions for optimum design 
given in Section 1.4. Magnadur III has an unusually high coer-
civity (J.O x 103oe) even for permanent magnet materials and it can 
be magnetized parallel to one of the short sides with sufficient 
directional accuracy. Further, it can be seen from Fig. J that the 
value of J( f' ) for Magnadur III is 60 erg/oe, which for ~<.1 , 
is higher than that of any other material mentioned. A total 
number of twelve transversely magnetized magnets of dimensions 
0.75 X 0.25 X 0.25 cm.J, all CUt from the same piece, were obtained 
from the manufacturer, and of these, the two magnets with the 
closest values of moment of inertia and mass (Table J) were select-
ed for the present magnetometer. Aluminum was chosen for the 
material of the frame, to the center of which a circular plane 
mirror of diameter 4mm. is attached. The two magnets chosen are 
mounted in opposition, one above the other in the aluminum 
PLATE l GENERAL VIEW OF ASTATIC l-1AGl'lETOHETER 
(FOrt SYliBOLS SEE TEXT) 
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frame· and their centres separated by a distance L = 6.0 ems. 
The final adjustment o£ the magnets in the frame, and the 
astatization o£ the system, are described in Section 2.6. 
1.7 Description o£ the magnetometer 
Plate I gives a general view of the instrument. The 
astatic system is suspended by a thin gold strip of 10 em. length, 
and is enclosed in case A made out o£ tufnol. The case is closed 
at the bottom by a copper plate to damp the rotational motion of 
the astatic system by means of the eddy currents induced by the 
lower magnet. · Raising or lowering the damping plate relative to 
the system permits £tne ·control of the damping. The lens housing 
B, made of aluminum, contains a viewing window in the front which 
holds a lens of f'ocal length 1.8 meters. The optical system of ;: 
the magnetometer consists of the mirror at the centre of. the 
frame, the lens ~nd a lamp-and-s~le arrangement at 1.8 meters 
distance, as illustrated schematically in Fig. I. 
1.8 .Suspension of the magnetometer housing 
A necessary special feature of this magnetometer is 
the mechanical filter designed to suppress short-period vibrations 
of impermissibly large amplitude, transmitted to .the system 
through the laboratory floor (Section 1.5). This filter is 
essentially a top-heavy, elastic anti-vibration support of the 
system, but using springs under tension for elastic control, 
rather than thin metal rods under compression as in the MUller 
suspension used, for example, by Blackett (1952). Three phosphor-
, ·' 
PLATE 2 TOP- HEAVY SUSP:ENSIOl FOR THE HAG ... iETOl· ETE 
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bronze spri~gs (A in Plate 2) were used, each beirig connected 
at its lower end to the suspension rods, B, and through these 
to the base of the magnetometer housing. At the other end the 
springs are attached to the supporting structure of the Helmholtz 
coil system, which stands on the floor and is loosely coupled 
with the ceiling of the room. 
The bulk of the top-heavy mass is 2.5 Kg of mercury in 
a container {C) surrounding and attached to the magnetometer 
tube. For damping of the natural oscillations of the system, a 
thin tufnolplate attached to the supporting structure, ~nd 
adjustable vertically, rests within a layer of light, viscous 
mineral oil above the mercury. 
The dimensions of the springs are as follows: 
Diameter of the phosphor-bronz~ wire: 1.58 mm •. 
Diameter of a coil of the spring: 26.0 mm. 
Number of coils per spring: 40 
By means of this arrangement, mechanical vibrations of the light 
spot, of the ~~itude given in Section 1.5, are almost completely 
eliminated. 
The adopted values for the mercury mass and the spring 
dimensions represent a compromise solution, as it had been hoped 
to raise the natural period of the finally suspended system to 
2 seconds or so. With the existing instrument one could have 
achieved this only by making the support . unrealistically top-
heavy or by using springs of ver.y low stiffness. However, the 
r 
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final arrangement, with a natural period of about 0.8 sec., 
reduced the amplitude of the lateral oscillations of the light 
spot on the scale to less than 1 mm. at normal times, and to an 
unobservably low value during quiet times. Therefore the vibrat-
ion problem may be regarded to have been solved for all practical 
purposes, though ultimately the best solution will be to mount 
the magnetometer on a cement foundationin a basement. 
1.9 Specimen holder 
Plate ; ·shows the specimen holder made of laminated 
fibre plastic. · The specimen holder sits on the concrete block D 
(Plate I) which in tu,m rests upon the floor of the room, .but 
in isolation from the. magnetometer..; Helmholtz coil su:pport. The 
specimen holder can be raised or lowered ~der the magnetometer, 
the exact distance from the centre ot the lower magnet being 
measured by means of a em. · - sc~le mounted vertically at its side. 
The specimen ·holder is also capable of being rotated about a 
vertical or a horizontal axis, with automatic locating stops for 
0 
every 90 setting. All the operations with the specimen holder 
could be carried out by remote control, consist~ng of a pulley-
and·-wire arrangement, where the operator is seated behind the 
table supporting the lamp-and-scale system. The specimen can ·be 
clamped in the specimen holder in an exact position by means of 
plastic screws. The exact centering of the specimen holder under 
the magnetometer is achieved with the aid of a precisely machined 
pointer attachable to the lower end of the magnetometer tube; in 
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this way, the center of the specimen holder can be brought 
vertically below the axis of the astatic system with an estimated 
horizontal positioning error of 0.2 mm. or less. 
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CHAPTER 2 
CALIBRATION AND PERFORMANCE OF THE MAGNETOMETER 
2.1 Preliminary remarks 
The detai~of calibration and astatization of the 
astatic magnetometer are reported here. The reciprocal sensitiv-
-7 ity of the magnetometer is J.9 x 10 oe per mm. deflection at 
1.8 meters scale distanc~~ollowing a suggestion by Dr. E. Irving, 
until recently at the Dominion Observatory, Ottawa, an alternative 
technique to the use of trimmer magnets was employed as part of 
0 
the astatization procedure, and this will be discussed in Section 
2.6. In Section 2.7, the author's magnetometer is compared with 
some of the magnetometers described in the literature. 
2.2 Helmholtz coil system 
One' of the fundamental steps in achieving a high ' · 
sensitivity ·for the magnetometer is to increase the value of the 
period T, .after assigning the optimum values for the ratio P/I 
and the torsion constant (]'" of the suspension fibre (Section 1.5). 
In ·a uniform horizontal field H, the period,T, of the astatic 
system is given by 
(2.1) 
where P' is the horizontal component of the residual magnetic 
moment of the magnetometer. One of the ways of increasing T is 
to reduce the magnetic torque P'H compared to the elastic torque 
o- • Since, in ·fact, the basic requirement of a good astatic 
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instrument is a low sensitivity to a uniform field, as compared 
with maximum sensitivity to a field having vertical gradient, any 
magnetic torques due to a uniform field tending to displace the 
system from its equilibrium position should be negligible com-
pared with the elastic restoring torque cr • This condition 
corresponds to 
(2.2) 
so that when it is fulfilled, (2.1) reduces to: 
(2.)) 
The magnetic ·torque can be decreased through reduction of either 
H or P'. The reduction of P' is otherwise known as "astatizing 
the system", and will be discussed in Section 2.6. The reduction 
of H, which is described below, has the further advantage that 
in a field-free space the induced component of magnetization in 
the specimen is zero, though, as already noted, care must be 
taken to ensure that the lower magnet itself does not introduce 
a significant field in the region of the specimen. Then in the 
absence of such a field, the remanent magnetization vector, which 
is of interest in palaeomagnetism, can directly be obtained. 
To attain a field-free apace, three pairs of circular 
Helmholtz coils were placed around the magnetometer (E in Plate I) 
for the compensation of the vertical component, the N-S component, 
and the E-W component of the geomagnetic field. The E-W coils 
were placed so that their plane made an angle of about 1° .with 
jj 
the magnetic meridian; in this position, a current of about 12 
ma is required to compensate the small E-W field. Data relevant 
to the Helmholtz coils and d.c. power supply are given in Table 
2. For a constant field at the magnetometer in the absence of 
compensation, control of the compensation currents is at present 
considerably better than the accuracy of measuring the field to 
be compensated, for which purpose a tangent galvanometer and 
dip needle have been employed. 
The horizontal and vertical field components were 
measured repeatedly during a period of several weeks in the region 
of the magnetometer before and after its inst~llation, and while 
the data did not change significantly with time, the estimated 
accuracy is only i% for the horizontal field component and 1~ for 
the vertical component, corresponding to about 100 r and . 500 o , 
respectively (1 ~ = lo-5oe). ln the absence of major fluctuations 
of the external field, these values also represent the maximum 
departures from a zero field at the center of the magnetometer. 
This accuracy ·was regarded as adequate at the present time, but 
following the installation of the instrument in a ·more satisfactory 
environment, it may be necessary to call for more accurate measure-
ment and control of the compensating field. The fact that the 
magnetometer at present is operated at a high astatization also 
reduces the importance of exact compensation of the field com-
ponents, as the factor P' in the product P'H is already small. 
Plate 4 shows the arrangement of the control panel for the currents 
in the Helmholtz coils. 
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TABLE 2 
DETAILS OF THE HELMHOLTZ COIL SYSTEM FOR 
COMPENSATING THE GEOMAGNETIC FIELD 
1. Dimensions of the Helmholtz coils 
Vertical (V) coils 
North-South (N-S) coils 
East-West (E-W) coils 
45.4 em radius 
50 turns 
4.8 ohms resistance 
50.2 em raCiius 
50 turns 
5.2 ohms resistance 
55.1 em radius 
15 turns 
1.6 ohms resistance 
2. Magnetic field at the centre of the coils 
Vertical coils 
North-South coils 
East-West coils 
) • . Components of the geomagnetic field 
Vertical component, Rv 
Horizontal component, HH 
Inclination, I 
1.00 oe/amp 
0.91 oe/amp 
• 0. 25 oe/amp 
+ 0.466 oe -.005 
+ 0.194 oe -.0.01 
67.5° North downward 
4. Currents needed in the coils for compensation of the above 
components 
Vertical coils 
North-South coils 
East-West coils 
475 mA 
215 rnA 
12 rnA 
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TABLE 2 (CONTINUED) 
5. Total error that might occur in the compensation 
Vertical coils 
North-South coils 
1.0% 
1.0% 
J.o% East-West coils 
6. Power Supply 
Model used: 
Stability: 
Precision Power Source Model 605, (Power Designs, Inc.). 
100 micro-volts for eight-hour 
period, with fixed load and constant 
a.c. line voltage. 
J6 
2.3 Suspension of the astatic system 
The rectangular frame of the system has an extension 
on top, to which is attached a gold strip of length 10 em, giving 
• • 0 -2 
a torsional constant a- = 1.41 x 10 dyne-em/radian. The system 
is suspended such that the north pole of the lower magnet points 
north. The details of the magnetometer are tabulated in Tables 
J and 5. 
2.4 Sensitivity of the magnetometer 
The theoretical sensitivity of the astatic magnetometer 
has been given as 
e 
H 
p 
I 
(1.5) 
with symbols and units as before. 6/H can be found after sub-
stitution of experimentally determined values of P, I, and T 
into· (1.5), where 
P = 10.1 erg/oe, 
-J 2 I = 7.5 x 10 gm-cm , 
and T = 4.6 sees. 
(The same value, T = 4.6 sees., is also obtained when the experi-
mentally determined values of I, as above, and (!'"" = 1.41 x 10-2 
dyne-cm/rad. are substituted into equation 2.)). 
Then :.8/H = 726 rad./oe 
and, converting from radians to mm. deflection at a scale distance 
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TABLE 3 
DETAILS OF THE ASTATIC MAGNETOMETER 
1. MAGNETS 
Mass, m(grams) Upper magnet: 
Lower magnet: 
Dipole moment of either magnet, P(ergs/oersted): 
Moment of inertia of either magnet, I 0 (gm-cm2 ): 
Height of either magnet, h (ems): 
·: 
0.2116 
.. 
0.2117 
10.1 
0.0022 
' 
0.75 .,'i ;[; 
Width and breadth of either magnet, w 
Side/height ratio, ~ = w/h = b/h: 
}~terial (ceramic): 
= b (ems): ~0.25 x 0.25 
0.33 
i'1 
:·I 
I 
. ~ 
: : 
r ~: 
( 
'Magnad ur 3 ' [·: (powdered barium ferrite Y 
· • 
Transverse r Magnetization direction: (parallel ;::· to a short side) ;:'; 
··:. 
Coercivity, He (oersteds) 3.0 X 103 ~ 
~-· 
Maximum flux density x demagnetising field, (BH) 
max 6 3.6 X 10 (gauss-oe) 
2. ASTATIC SYSTEM 
Material of the magnet holder: 
Moment of inertia of magnet holder and mirror, 
I 1 (gm-cm2): 
Total moment of inertia of asta~ic system, 
11 +2!0 (gm-cm ) : 
Moment of inertia ratio, = (I1 +2I0)/I0: 
Separation of the magnet centres, L(cms): 
Aluminum 
0.0031 
0.0075 
3.4 
6.0 
j 
: • 
., 
· ··: 
· j 
L',l 
:: j 
( ! 
'.· 
. . 
· .. 
U! Polarity: North-seeking ,, 
end of lower magnet pointing [:.< .-
North 
. I (! 
: ·· 
_ ] 
' 
. ' 
J8 
TABLE J (CONTINUED) 
·, J. SUSPENSION 
Length , (ems ) : 
Cross-section (width x breadth), w' x b' 
(ems x ems): 
Torsional constant, (dyne-om/radian): 
Material: 
10.0 
0.005 X 0.0005 
0.014 
Gold 
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of 1.8 meters, the sensitivity can be written as 
6 8/H = 2.62 X 10 mm./oe 
It is customary to express the performance of the magnetometer 
in terms of its reciprocal sensitivity, H/e. Thus the theoretical 
reciprocal sensitivity (from measured constants of the magneto-
meter) is 
-7 H/6 = ).82 x 10 oe per mm. deflection at 1.8 
meters scale distance. 
2.5 Calibration of the magnetometer 
The astatic magnetometer was calibrated as described 
below. A small circular coil of n turns : and cross-sectional area 
A was placed vertically above the magnetometer. The distance of 
the coil abovethe magnetometer was kept much greater than the 
separation between the magnets, so that . the vertical gradient of 
the horizontal field produced by the coil will be nearly constant 
at the magnetometer. The calibration coil was oriented with its 
plane vertical and its axis at right angles to the magnetic 
moments of the magnets. By passing a small current through the 
coil, an equivalent magnet of known horizontal magnetic moment, 
Me, was produced. This is given by 
Me = n!!, erg/oe 
10 
where A is in cm2 
(2.4) 
and i is in amperes 
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This produces a constant vertical gradient dH/dZ 
·. at the magnetometer, which may be expressed in terms of the 
difference;_· in magnetic intensity, /:::,. H, at the. two magnets, v 
given by 
A H - L cl rl- :: Me [ ~ ~ - ~: J 
;. - 3L l"le. 
z4 (2.5) 
where Zu,. ZL are the distances from the centre of the calibration 
coil to the centres of the upper and lower magnet, respectively, 
L is the distance between the magnets, 
and 7 :: Z ~.~- + L 
,2, 
If this field acting on the magnetometer produces a 
deflection D(mm.) on a scale placed at a certain distance from 
the magnetometer mirror, the sensitivity may be defined as 
S = D/ .D.H mm. per oe (2. 6) 
The sensitivity thus defined depends on the distance of the lamp 
and scale from the magnetometer. Then the reciprocal sensitivity 
in the present case may be expressed as 
' I 5 = tJ. HID oe. .P~tt.. mWL. (2.7) 
and substituting (2.4) and (2.5) into (2.7), 
s ~:~ ( L3 - ~L3) 
oe per mm. deflection at 1.8 meters 
scale distance (2.8) 
--r 
; . 
.. _ L. ·. J ~.1 
· ,;, 
~ 7..: ' ~ !: J 
. .. . · \ .i: 
• t ... ~·:~ 
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The deflection D was measured for two values of z, and the 
observations, which agreed to less than 1% are tabulated in 
Table 4. 
Following Blackett's {1952) notation, the gradient 
sensitivit,y may be defined as: 
· " l .mm. deflection corresponds to g' oe 11 and expressed 
g' = 3.88 x l0-7oe (at 1.8 m. scale distance) 
This is the observed value, which agrees well with the value of 
ejH = ).82 x 10-? oe (at 1.8 m. scale distance) for· the theoretical 
reciprocal sensitivity (Section 2.4). 
2.6 Astatization of the magnetometer 
It is not possible to make the dipole moments of the 
two magnets of the magnetometer exactly equal and opposite. In 
practice, a resultant dipole moment P' will always remain, so 
that the suspended system will respond to a changing uniform 
field as if it were a single magnet of horizontal moment P• • 
The astaticism of the magnetometer is defined as the ratio of the 
individual dipole moment P to the residual dipole moment P', i.e • 
S = P/P' 
The process of astatization consists of making the resultant 
dipole moment P' as small as possible. 
:. •• r-- ~: .: : __ i ::_, • 
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TABLE 4 
CALIBRATION OF THE ASTATIC MAGNETOMETER 
DETAILS OF THE CALIBRATION COIL 
· Number of turns, n: 
Radius, r (ems): 
Current passed, I (amps): 
Equivalent magnetic moment of the coil, 
Me (ergs/oe): 
Distance from lamp-and-scale unit to center 
of astatic system (meters): 
Case I 
Mean distance Z of the coil from the 
magnetometer (ems): 
Field on the magnetometer due to the coil, 
H(oersteds): · 
56 
2.25 
1.00 
1.78 
127.8 
6.02 X 10-6 
Deflection observed on the scale, n1 (mms): 15.5 
Reciprocal sensitivity, g', (oe per mm deflect- 7 ion): 3.88 x 10-
Case 2 
Mean distance Z of the coil from the 
magnetometer (ems): 
Field on the magnetometer due to the coil, 
H(oersteds): 
Deflection observed on the scale, D2 (mms): 
Reciprocal sensitivity, g', (oe per mm 
deflection): 
71.4 
6.17 X 10-S 
158.0 
.. .. 
··•·· : ·.~:..:.:·.':..:.~~ 
.. ·,r .·: . . (,\.:. 
• .. . • .. : 
·, :· · .. ··,. 
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TABLE 4 (CONTINUED) 
Mean Reciprocal Sensitivity, g' 
· Mean value of g' at 1. 78 meters scale 
distance: (oe/mm deflection): 
Theoretical value of g' at same scale 
distance {Equation 1.5 with 
measured values of T and P/I): ).82 X 10-7 
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The moments of the two magnets are made as nearly 
equal in magnitude as possible before they are mounted in the 
frame. All 12 magnets had been machined to close similarity in 
shape, and the pair finally selected differed by less than 0.05% 
in mass and in magnetic moment to begin with. However, the small 
difference in P was further reduced by rubbing the stronger magnet 
with emery paper until no difference between the moments of the 
two magnets could be detected. An alternative method would have 
been to apply a decreasing a.c. field to produce the necessary 
slight demagnetization in the stronger magnet. The amount of 
astatization obtained at this stage can be estimated by comparing 
the period of oscillation of the system, suspended by a non-
elastic fibre, when the magnets are mounted nearly antiparalle~ 
(T1 ) and parallel (T2), respectively: 
Then 2 S = P/P' =-1 ~~ 2 T2G (2.10) 
An astatization of S = 100 to several hundred . can be obtained 
quite easily by this method. In the present case a value of 
S = 400, approximately, had been reached at this stage of the 
astatization process, though the method of measuring S was not 
.as given by (2.10) which becomes increasingly difficult to use 
in view of the lengthening of the period T as S increases. 
Instead, the method of measuring S outlined below was used during 
the entire astatization process. 
For attaining higher values of S, Blackett (1952) 
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sugges~ed the use of "trimming" magnets, or "trimmers" made in 
the form of short lengths o! wire from an alloy with good 
ferromagnetic properties. The trimmers are attached to the 
aluminum frame by means of horizontal pivots which permit their 
rotation in a vertical plane. It is customary to use two 
trimmers with their pivot axes perpendicular to one another and 
nearly parallel and perpendicular to the magnetic moment vectors 
of the main magnets, respectively. Through adjustment of the 
angles which the trimmers make with the vertical axis of the 
magnetometer, the magnitudes of the horizontal components of 
their moments can be made almost equal and opposite to the 
corresponding residual moments in the two horizontal directions, 
due to the main magnets. In this way, a high astatization may 
be obtained. Blackett (1952) reported that in his Vectolite 
magnetometer (Table 5) values of S as large as 5000 could be 
~intained for many weeks, and considerably larger values for 
short periods, but he set an upper limit of S = 10,000 as the 
highest value he was able to measure reliably. 
The use of trimmer magnets, though successfully employed 
by subsequent research workers (e.g. Watkins, 1961) has the dis-
' 
advantage that it will increase the moment of inertia of the 
system • 
In the present set- up the method suggested by Irving 
(Section 2.1) was used to complete the astatization of the system 
after matching of the magnets and treatment with emery paper had 
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produced a value of S = 400 or so when they were mounted anti-
parallel in the holder. A third Magnadur III magnet was broken 
into small chips and as all chips in turn had the properties of 
stable dipoles, they could be positioned in such a way as to 
oppose the residual vector components due to the main magnets, 
and hence used in astatizing the system. In this method the 
chips are placed directly upon a surface of one of the main 
magnets, and turned into desired positions with a small non-
magnetic needle. The procedure outlined below was followed: 
The magnetometer was suspended by the gold-strip of 
required length (10 ems) at the centre of the compensating coil 
system. A uniform horizontal field was applied by passing a 
small current (in excess of the field compensation current) 
through th~7~elmholtz coils. The magnetometer system will be 
deflected because of the out-of-balance moment P' due to imperfect 
astatization. Again following Blackett's (1952) notation, this 
sensitivity to a uniform field can be expressed as: · .' 
"lmm deflection corresponds to f1 oeu. 
f1 was now measured for various orientations of a magnetic chip 
placed on the surface of the lower magnet. In rotating this 
chip, it was not necessary for its magnetic moment vector .to 
remain in the same plane after each adjustment, but only that 
successive adjustments should produce a systematic approach to 
the condition where the horizontal component of its moment would 
be equal and opposite to the out-of-balance moment P' due to the 
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main magnets. The greater maneuverability of the chips compared 
to that of pivoted trimmers thus offers some advantage, though 
in practice two or more chips, with their moments aligned in 
different planes, are required to achieve the best astatization. 
After each adjustment of the first chip, the value of 
f1 was remeasured until it proved difficult to increase ! 1 any 
further. 
A small current in excess of the field compensation 
current was then passed through the E-W Helmholtz coils, and 
the field sensitivity f 2 , again corresponding to a scale deflect-
ion of lmm, was measured. The orientation of the magnetic particle 
on the surface of the magnet was adjusted until f 2 ·could not 
easily be increased further, but without reducing £1 below its 
previous maximum value. This required careful manipulation, 
including the use of a second chip, placed upon the surface of 
the upper magnet. When f1 and t 2 had been made as large as 
possible, the particles were affixed on the respective magnet 
surfaces with a drop of cement each. 
This procedure of astatizing the system has the decided 
advantage over the technique employing trimmers, in that the 
moment of inertia of the system will be increased by a much 
smaller amount through addition of the chips. Moreover, an 
astatization once obtained tends to be more durable, as the chips 
are derived from the same material as the main magnets, and with 
the possible exception of some differences arising from the shape 
~ .. 
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factors, will have the same properties, including the exceptionally 
high coercivi ty of Magnadur III. These advantages probably offset 
the disadvantage caused by a relative lack of geometrical control 
in adjusting the positions of the chips, as compared with the 
adjustment of trimmers which is often controllable to 1°. 
As mentioned previously, the astatic magnetometer, from 
its principle, will have a high sensitivity to a non-uniform mag-
netic field and a low sensitivity to a uniform field. 
Then following Blackett, the astatization of the magnet-
ometer may be expressed in terms of two components s1 and s2 in the 
N-S and the E-W directions, respectively. They may be written as: 
N-S LA'l\.i.tot).Yn ttelol .[S.e.IA-J!,t".t:A:ui.)(v-.ev.:r"-<>W) :::: -f 1 
n en~. _ l.H•-i ~ o ~ -rn t i.e t cl fl:. .ev.. fS J-c u-G ~ (_ Y tJ v-· f ?)-oC---.1) ~- I 
E -IN v ~ t r ~ ~ t Le. .( cl ~ f v A i ~ u~ % l y- e ~ £_ )).-o C ,.J_ ) 
'Oior.. _ ~r~l'h b.:e.f~ ..g~xl· C:vi~ (rec .. :p">oc.....A) 
( 2.11) 
(2.12) 
A current of lOOma, equivalent to a field H = 0.091oe. directed 
southward at the centre of the coil system, was passed through the 
N-S coils in excess of the compensation current. The resulting 
scale deflection was J6mm at a scale distance of 1.8 meters. Hence, 
from ( 2 • 11 ) , 
0 •
3
0*1 X 10 
J.9 
Where the exper~mental 1 f ' f t t 1· t d • va ue o g rom wo measuremen s J.S e 
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in Table 4 was used. 
A current of SOma, corresponding to H = 0.020oa 
directed westward at the centre of the coil system was then 
passed through the E-W coils in excess of the compensation 
current. This resulted in a deflection of 6.0 mms, on the scale. 
Hence 
S2 = ~ = 0.020 X 107 ::. 8.0 X lOJ 
' 
6.0 ).9 g:_ 
The procedure followed here therefore led to the 
attainment of a relatively high astatization, with a value of S 
in excess of 6000. This is a satisfactory result, as a high 
astaticism is necessary so that the system can be made relatively 
immune to changes and fiuctua tiona in uniform external fields. 
While this makes it possible to employ correspondingly longer 
periods of oscillation of the astatic system, and thus to render 
it more sensitive to gradient fields, the relatively low period 
of T = 4.6 sees. was adopted for the reasons already discussed. 
2.7 Comparison with other magnetometers 
Table 5 gives a comparison of the present magnetometer 
with instruments constructed at Manchester, Ottawa and Newcastle 
uponTyne; and described by Blackett (1952), Roy (196)), and 
Collinson and Creer (1960), respectively. 
The following are some salient features of the present 
··. 
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TABLE 5 
COMPARISON OF DIFFERENT MAGNETOMETERS 
Author Present Blackett (1952) 
Material of magnets: Magnadur J Vectolite 
Coercivity (oe): JOOO 900 
Magnetization direction: Transverse Transverse 
Dipole moment P(ergs/oe): 10.1 60.0 
Moment of inertia of ~ magnet system, I (gm-cm2 ) : 0. 00? 5 0.165 
Dimensions of magnets, 
(em x em x em) : 
Fineness ratioJ ~ 
J, = I/I0 : 
P/I: 
Torsional constant of 
suspension 
(dyne cm/rad) : 
Length of suspension (ems): 
0.75 X 0.25 ).2 X 0.5 
X 0.25 X 0.5 
O.JJ 
J.4 
1350 
141 X 10-2 
10.0 
0.16 
4.5 
J64 
104 X 10-2 
Blackett (1952) 
Alcomax IV 
750 
Longitudinal 
15.0 
0.041 
0.80 X 0.18 
X 0.18 
4.5 
4.1 
J66 
1.80 X 10-J 
Roy (J 961) 
Ferroxdure 
1500 
Transverse 
0.017 
Collipson &; 
Creer (J 96Q) 
Alcomax IV 
750 
Longitudinal 
0.0012 
0.?4 x 0.)0 0.)0 X 0.15 
0.40 
).5 
440 
10.6 
X O.JO X 0.15 
2.0 
2.5 
1920 
6.0 
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TABLE 5 (CONTINUED) 
Author Present Blackett (1952) Blackett (1952) Roy (1963) Collinson & 
Creer (1960) 
Period T(secs): 4.6 25 )0 19.5 1.4 
Theoretical sensitivity 
(rad/oe): 726 5760 8)50 4250 114 
Lamp-and-scale distance 
from the magnetometer (meters): 1.8 s.o 5.0 2.5 1.0 
Field for lmm deflection 
at the above lamp-and-
scale distance 
-7 -8 -8 -8 2.0 X 10-7 r-1 (oe per rom -deflection) ).9 X 10 · 1.2 X 10 1.5 X 10 4.7 X 10 \1"\ 
magnetometer: 
(1) The coercivity of the material Magnadur III is 
higher than that of the three materials used in the four other 
magnetometers. 
(2) It can be seen from Fig. J, that, for Magnadur 
III, the value of the shape-dependent specific magnetization 
J( ~ ), (60 c.g.s. units) is larger than that of the other three 
materials in the region ~<I • Only the magnets in Blackett's 
Alcomax !V magnetometer had larger J( ~ ), but this is at the 
expense of an increase . in moment of inertia. 
{J) The high value of P/I achieved, enables the system 
to be operated at a comparatively smaller period for a given 
sensitivity. The period (T = 4.6 sees.) is substantially less 
than that of the magnetometers by Blackett and Roy, thus per-
mitting more rapid measurements, but Collinson and Creer's 
instrument with P/I = 1,920 and T = 1.4 sees., sur.passes all 
others, including the author's, in this respect. 
(4) High value of astaticism was achieved by a 
relatively easy method. 
(5) The special suspension system of the magneto-
meter housing allow the instrument to be ·operated in the presence 
of otherwise intolerable mechanical vibrations of the laboratory 
floor. 
The actual sensitivity (1/g') of the author's magneto-
meter is the lowest among those listed in Table 5, but as dis-
cussed below, an increase in 1/g/ by as much as a factor of 10 
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The relatively low sensitivity of the author's magneto-
. meter, results mainly from the use of a coarse suspension fibre 
(Tables j and 4). If a finer fibre (similar to that employed by 
-j . 
· Roy, with ~ = 1.76 x 10 dyne-cm/rad) had been used as a 
suspension of the author's astatic system, the period and the 
reciprocal sensitivity would have been T = lj§ and g' = 4.8 x 
-8 10 oe per mm deflection, respectively, i.e., the sensitivity 
could have been improved by about an order of magnitude by using 
the finer suspension fibre •. As an alternative, the sensitivity 
can al~e _ be improved by increasing the length of the f:f.bre, as 
o- is proportional to its length. A further limited increase 
in sensitivity may be achieved by increasing the lamp ·and scale 
distance from the magnetometer but only at the sacrifice of some 
I 
optical prop~rties • 
In any case, the sensitivity of the present magneto-
meter was found to be sufficient for the measurement of directions 
of even weakly magnetized sedimentary rocks, with intensities of 
magnetization as low as, say 1 x l0-5emu/cm~. Hence no attempt 
was made either to lengthen the fibre or change the suspension 
to finer gold or phosphor-bronze ribbon or a quartz fibre. More-
over, .as the previously mentioned presence of disturbing fields 
and mechanical vibrations in the neighbourhood of the present 
location of the instrument sets a practical upper limit to its 
useful sensitivity, it was decided not to improve the sensitivity 
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any further until the magnetometer has been installed in better 
surroundings. 
2.8 Accuracy of observations 
' . i"' ·' 
r2:.-: · 
The r .m. s. deflection 60 of the astatic system due to t~;,f' 
thermal noise is given by: 
-~ (2.13) 
where .S. = K t , K is Boltzmann's constant, 
and i is the temperature in degrees absolute. 
On substituting (1.3) into this equation: 
e :::. t. '17.. T 
0 
--1'/.,_ 
.2. ,. 
(2.14) 
Blackett (1952) introduced a quantity H0 , defined as the magnetic 
field which will produce a deflection equal to the ~.m.s. thermal 
deflection eo • 
Then 
and (2.15) 
The quantity H0 , from its definition, is the standard error of 
a single reading of the magnetic field due to the thermal motion 
of the suspended system. H0 is called the minimum detectable 
field of the astatic magnetometeE. Th~s !rom the constants of 
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the magnetometer, the minimum detectable field of the present 
instrument is J.J4 x l0-9oe. 
The standard error b0 due to the thermal oscillation 
of the suspended system is given~: 
(2.16) 
: where R is the distance of the scale from the magnetometer mirror. 
It can be expressed as: 
where 6
0 
and R are measured in mm. When the known values for 
R, E, g' and Pare inserted into (2.1?), the computed thermal 
. deflection c50 of the light spot on the scale (at 1.8 m. distance 
• from the magnetometer) becomes : 
00 = 6 microns. 
In practice many other small torques act upon the 
·· magnetometer system and thus contribute to its noise level, in 
. addition to thermal fluctuation torques. It is fairly difficult 
to estimate the standard error due to combined noise parameters. 
However, a more realistic approach is to calculate the 
standard deviation from the mean of a series of observations for 
a standard signal. This will be discussed later in Section J.6. 
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CHAPTER 3 
MEASUREMENTS IN PALAEO}~GNETISM USING AN 
ASTATIC MAGNETOMETER 
3 1 Preliminary remarks . -
The astatic magnetometer is a basic instrument to 
measure the direction of natural remanent magnetization of 
rocks. One can compute the total magnetic vector by measuring ~ 
the various components of magnetization. The contents of this 
chapter are concerned with the method of making such measure-
ments with an astatic magnetometer. Later sections of the 
chapter deal with the processing of the palaeomagnetic results, 
the procedure of determining the mean direction of magnetization 
of the formation from the specimen data, and a discussion of 
errors. 
3.2 General considerations 
The following convention was followed with regard to 
notation: An irregular rock piece collected from the field, 
and with the required orientation marks, is referred to as 
"sample". A rock piece cut from the above sample in the .f'orm 
of a regular geometric shape, and which is ready to be measured, 
is referred to as "specimenn. 
The magnetization of a homogeneously magnetized specimen 
can be approximated to that of a dipole at its centre, provided 
that the distance of the specimen from the lower magnet exceeds 
,. 
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a certain minimum value (see below). If the specimen is placed 
under the magnetometer, the horizontal component of its dipole 
will produce a gradient field, causing the astatic system to be 
deflected. By noting the polarity of the lower magnet and by 
positioning the rock specimen in different orientations under 
the magnetometer, the direction of the magnetic vector in the 
rock can be computed. 
There are three positions relative to the magnet 
system in which the specimens may be placed for measurement: 
(a) Directly under the lower magnet of the astatic 
system; 
(b) To one side of the lower magnet; 
(c~ ) To one side of the astatic system, midway between 
the magnets. 
Collinson and Creer (1960) have discussed the relative 
merits of thethree positions and have shown that positions (a) 
and (b) are more advantageous than position {c). The main 
advantage of position (b) over (a) is that it permits the 
magnetic dip (defined as the angle which the dipole makes with 
the horizontal plane and taken as positive when the north pole 
points downward) to be calculated from measurements obtained 
when the specimen has been displaced sideways along a line 
perpendicular to the plane containing the magnetic moments of 
the astatic system. This avoids the more awkward procedure of 
· turning cylindrical specimens about a horizontal axis during 
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dip measurements, which means, moreover, that the specimen 
center cannot be brought as close to the lower magnet as is 
possible during measurements of magnetic azimuth (i.e. the 
horizontal component), which involve rotations about the vertical 
axis below .the astatic system. Because of this, position (b) 
is particularly useful with weakly magnetized specimens in the 
form of thin discs. 
However, this advantage is offset by disadvantages. 
Papapetrou (quoted in Blackett, 1952) showed that the remanence 
of a homogeneously magnetized cylindrical specimen can be 
represented by horizontal and vertical dipole components Px, 
P z, respe·cti vely, at its center, and he derived expressions for 
the horizontal deflecting fields fix and Hz at the lower magnet 
of the magnetometer due to Px and Pz, respectively. Then if z 
is the vertical distance of the specimen center below the center 
of the lower magnet, x is the sideways displacement, and if x/z 
is small and the effect of the upper magnet is assumed to be 
negligible (i.e. Lis large), 
(J .1) 
where Fx and Fz are functions of z and the specimen shape, and 
represent the factors by which the field of the finite cylinder 
deviates from that due to a centered dipole. For specimens of 
radius'. a and height h, Papapetrou then estimated the deviation 
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from the dipole assumption as a function of z and specimen 
shape. His calculations show that the dipole deviation factors 
Fx and Fz not only approach unity as a specimen of given radius 
increases its vertical distance from the lower magnet (i.e. as 
z/a increases), but that these factors become negligible for 
much lower minimum values of z/~ when the specimen is relatively 
tall (i.e. h/a is large) than for thin discs. This is shown by 
the following data selected from Papapetrou's table: 
z/a h = 2a h = 0,4a 
1.5 .815 .535 ·555 .400 
J.O 1.02 1.02 .862 -774 
7:5 1.01 1.01 .974 .948 
15.0 1.00 1.00 :994 .989 
Moreover, it follows from equation (J.l) that the dip 
calculation depends on the ratio !:xfFz, which equals 1.00 for 
z/a = J.O in the case of the "square" cylinder (h = 2a), so that 
the error in the dip measurement is already negl igibl e for t~is 
low value of z/a. In the case of the disc (h = O.~a) the condition 
F x/F z < 1. 01 i s only reached at z/a > 15. 
It follows that in the absence of an awkward calibration, 
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flat specimens have to be measured at larger vertical distances 
from the lower magnet than specimens of the same radius approach-
ing a square cross-section. This removes the advantage of 
position (b) which would otherwise allow weakly magnetized discs 
to remain close to the lower magnet even when they are offset 
during dip measurement. 
For the above reason, it was decided to adopt position 
(a), and the specimen holder was constructed accordingly (Plate J). 
While different authors favour different values of h/a when using 
cylindrical specimens, the adopted values are largely in the 
range h/a = 1.75 to 2.00. The latter ratio has been chosen here 
for the cylindrical specimensJwhich are sliced from cores obtained 
in the laboratory with a diamond drill of 7/8 inch (2.2 em) 
internal diameter; i.e. the diameter as well as the height of the 
specimen is 2.2 ems. 
In order to approach the dipole approximation as closely 
as possible, and also to prevent significant induction effects in 
the specimen due to the lower magnet, specimens should be placed 
as far below the astatic system as is consistent with accurate 
measurement, and this rule has been followed. Another reason 
applies when, as sometimes happens, the rock specimen is inhomo-
geneously magnetized. Provided that z is relatively large, 
Collinson, Creer, Irving, and Runcorn (1957) have shown that 
inhomogeneity can be represented by a small displacement of the 
dipole within the specimen and can be averaged out by taking 
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sufficient readings with the specimen in different positions. 
J.J Procedure for measuring the direction of magnetization of 
rook specimens 
The direction of magnetization of a rook specimen is 
usually represented in terms of two components: (1) the horizontal 
component or azimuth of the magnetic vector, and (2) the dip. A 
knowledge of the azimuth and dip of the magnetic vector gives 
complete data about the direction of magnetization. Most of the 
palaeomagnetic investigations reported in this thesis were carried 
out on cylindrical specimens, but specimens from the Virgin Rock 
shoals in the Grand Banks were cut in the form of cubes,an~. a 
different procedure was adopted for measuring their magnetization. 
Measurements with the cubes will be .reported in Chapter 6. 
Normally, the rocks have been oriented in the field with 
respect to the horizontal plane and to a horizontal direction 
which is usually magnetic or true north; in the former case, the 
true north direction is easily substituted by correcting for the 
local magnetic declination. In actual practice, the angle between 
the magnetic or true north and a horizontal "bearing" line marked 
on the rook in its in-situ position is measured in the field. 
Usually it is found convenient to make the axis of a core drilled 
from the oriented sample parallel with the in-situ vertical 
direction, and generally two or more cylinders are sliced from 
each core. The bearing direction is then transferred to the 
flat surfaces of each specimen in the for.m of diagonal arrows. 
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The first operation on the cyl~drical specimens is 
the measurement of the azimuth of the magnetic vector, which is 
made with respect to the bearing direction. When the azimuth 
has been determined, its direction is marked on the cylinder 
surfaces, .again in the form of diagonal arrows. This defines the 
vertical plane of the magnetization vector, and the specimen is 
then turned in azimuth, so that this plane is at right angles to 
the magnetic moments of the magnets in the astatic system. In 
this position, the specimen is then turned about a horizontal 
axis for the measurement of magnetic dip. The measurement of 
azimuth and dip in cylindrical specimens is now a standard 
procedure, and details will not be given; these can be obtained 
from a number of sources, e.g. Watkins ( 1961 ) • 
).4 Calculation of the intensity of magnetization 
The intensity of magnetization J of the specimen can 
be obtained by direct integration over the whole volume of the 
specimen. This yields the following formula: 
Where I reciprocal sensitivity (oe/mm deflection at 1.8 5 = 
meters distance between mirror and scale); 
A, 
= cross-sectional area of 
2 
the specimen (em ) ; 
. :• .;: 
.. . ·.·.;..; 
:.:. ~::.:::;1 
' f 
. · .. 
6) 
~ = height (thickness) of the specimen (ems); 
zl.4.. = 
s = 
D = 
distance from the centre of specimen to the centre 
lower magnet (ems); 
corresponding distance to the upper magnet; 
deflection produced by the azimuthal component of 
the magnetic vector on the scale at 1.8 meters 
distance from the mirror (mm); 
dip of the magnetic vector (degrees). 
The above formula holds for the cubes as· well and was 
adopted in the computations of J for the Virgin rock specimens. 
Even in the case where the specimen magnetization closely 
approximates to a point dipole, equalion (J.2) does not give an 
exact value of J, because of the assumption that the magnets are 
centrally located point dipoles, whereas more than half of the 
total torque exerted on the lower magnet by the gradient field 
from the specimen acts on the lower half of its volume. However, 
even in the case of transverse magnets, where this effect is 
relatively large, the approximate formula (J.2) can be applied 
unless the specimen is very close to the lower magnet (in which 
case other, previously mentioned, errors would also tend to become 
large) •. .. With the existing astatic system (height of the magnet = 
0.75 em) the error in equation (J.2) is about J% for ZL = J.O em 
and < 1% for z·~ = 6. 0 ems, if ZL is now taken to be the distance 
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from the centre of the lower magnet to a horizontal point dipole 
: Vertically below the magnet, and where the field at the upper 
magnet has been neglected. In view of these relatively small 
errors, it was decided to use equation (J.2), though bearing in 
• mind the reduced accuracy obtained when z1 is small. 
: 3.5 Processing of the Palaeomagnetic measurements 
3.5.1 Computation of the mean azimuth and dip 
After the azimuth and dip of several specimens from a 
sample have been obtained, the next step is to compute the mean 
· azimuth and dip for the sample from the specimen data. The process 
of calculation is straight-forward and can be carried out after 
the components of the measured vector along the north-south, east-
west and vertical dir,ections have been obtained: these are 
designated X1 , Y1 , and z1 , respectively.· 
positive if the north poles of the remanent vector components 
• J 
I 
l 
I 
J 
I 
point north, east and downward respectively • Thus for each specimen: ~ 
xl = cos A cos D 
yl = sin A cos D (J. J) 
zl = sinD 
,.,here A and D are the measured values of azimuth and dip of the 
remanent vector, x1 , Y1 , and z1 are then summed for all specimens 
of a single sample, and the resulting sums are used to determine 
, the mean vector in the sample. 
Thus, 
(J .4) 
D -:.. ta._"'-- I ~ 2: J-
J~ Xl))_+(~Y~)-z-
where A and D are the mean azimuth and dip of the sample. 
Simi arly, when the mean direction of magnetization 
of all samples from a given rock formation at a collection site 
has been found, the mean azimuth and dip of the formation can '00 
calculated by summing the componen~s of the magnetic vectors in 
the samples, in an analogous manner to (J.J). Thus, 
x2 - cos A cos n (J. 6) 
y2 - sin A. cos D' 
z2 - sin D 
The resulting values are used to determine the mean 
vector ror the site: 
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(3.7) 
D ::. t- -1 ~ Z:~.. (),yt, /c£ x2- ;2-+(!= Y2 )2. (3. 8) 
-
where A and D now correspond to the mean azimuth and dip of the 
formation. 
If the collections of samples are made from rocks 
belonging to the same geological formation, but exposed at 
different sites, the same process can be extended to obtain the 
mean azimuth and dip of the magnetic vector for the formation. 
3.5.2 Statistical analysis of palaeomagnetic data 
The data obtained in palaeomagnetic studies consist 
generally of population of directions of magnetiz tion measured 
in oriented rock samples f'rom a given geological £ormation or site. 
The directions of natural remanent magnetization of rock samples 
are always more or less scattered for a number of reasons: 
(1) The magnetic moments of the ferromagnetic grains 
in different parts of the rock will not be perfectly aligned. 
This can be due to a large number of causes: in the first place, 
:. .U J 
· _. ; 
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most processes that produce a natural magnetization in rocks 
probably succeed only in magnetizing a small fraction of the 
domains present (Irving, Stott, and Wa~d, 1961) so that the 
remainder are magnetized randomly, and the total magnetization, 
in the absence of other errors, consists of vectors randomly 
scattered about the significantly directed fraction of the 
domains. Other causes of misalignment are: imperfections in the 
crystal structure; uneven response to stresses as igneous rocks 
cool from a high temperature; uneven settling of grains during 
the formation of sedimentary rocks; chemical action or meta-
morphism of the rock after it has been formed, etc. With the 
exception of certain systematic components, such as the inclin-
ation error to be expected in some sedimentary rocks· (see intro-
duction), which have to be analyzed separately, the naturally 
occurring misalignment of magnetization directions in a rock 
formation resulting from many of the above causes, can be lumped 
together in terms of random scatter. 
(2) Changes in the direction of the magnetic field: 
samples from a rock sequence which represents a geologically long 
time (say a period or longer) may exhibit differences in their 
natural remanent magnetization directions, because of the possi-
bility that the palaeomagnetic pole shifted its position during 
the time span represented by the samples. Hence detailed 
palaeomagnetic conclusions could not be drawn from a single mean 
~irection of magnetization based upon such a thick sequence. On 
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the other hand, care must be taken also in averaging the results 
of a palaeomagnetic study based upon samples representing very 
short time spans (say, less than a few thousand years), as the 
secular variation of the geomagnetic field may not have been 
averaged out in the data in that case (see Section 3.5.3.). 
(3) Orientation and measurement errors: these also 
contribute to the scatter in measured directions (usually random, 
but possibly including some systematic components, such as human 
observation errors - see Section 4), and so, provided systematic 
errors can be considered to be insignificant, the error arising 
from causes (1), (2), and (3) in the measured directions can be 
treated as random scatter, subject to the conditions listed below. 
Fisher (1953) has developed a method of statistical 
analysis of palaeomagnetic data in which each magnetic vector is 
regarded as a point on a sphere of unit radius. Fisher's distribu-
tion is similar to a gaussian distribut~on and is applicable if 
the population from which the sample is drawn satisfies the two 
conditions: 
(a..), The vectors in the population must be distributed 
with axial symmetry about their mean direction; 
(b) The density of the vectors in the population must 
decrease with increasing angular displacement ~ from the mean 
direction according to the probability density function: 
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The quantity t is a constant called the precision parameter and 
describes the tightness of a group of vectors in the population 
about their mean direction. High values of t indicate tight 
groups, while t = 0 corresponds to a p pulation uniformily 
distributed over the entire surface of the unit sphere. 
Fisher shows that, provided the above conditions are 
satisfied, the direction of the vector sum of the N unit vectors 
of the sampl is the best estimate of the true mean direction of 
the population. The components of the mean direction are: 
N 
X - ~ Co~ RL Go'S D L ( N o'1. rh. COYY\ poY\e...Y\..1:. ) -
~-:..1 
y N - z= St..n A ·l- c..o~ Di. ( E-~t c.. 0 I'V\-p 0 h.~ 'Y\., t ) ().10) 
- i.=l 
j'J 
t == ) 5tn D~ L DoVJY\.Wcu· ... cl Co 'W\ poY\..e. n t ) 
t-=-1 
and the length o£ the vector: 
(J .11) 
70 
The resultant values of magnetic azimuth, AR and dip DR, are: 
.) 
-I 7 
:: St.n.. - (3.12) 
R 
The best estimate of the pre~iaion parameter (for K > J) is 
given by: 
I< - N -I N-R (J .1)) 
At a probility level of (1-P), the tru mean direction of the 
population lies within a circular cone about the resultant vector 
R with a semi vertical angle Jv (I- P) given by Fisher (1953). 
Co-s c£(1- p) - 1- N-R R (J .14) 
It is usual practice in palaeomagnetism to take P as 
0.05, which means that there is 1 change in 20 that the true mean 
direction of the population lies outside the cone of confidence 
specified by and the direction of R. 
lq'5 is given approximately by: 
0 ( 140 
rJv q s -:::: ;-::-:-:-
J k N 
().15) 
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where the subscript 95 under expresses a percentage. 
For all suites of rocks studied in this thesis, the 
statistical parameters K and have been calculated. :". For 
a given N, the scatter in directions decreases for an increase 
in the value of K (eq. J.lJ). For a given scatter within the 
rock formation, an increase inN, i.e. in the sample from which 
the mean direction is calculated, results in a smaller cone, and 
this in turn constitutes a more "reliable" mean direction. How-
ever, this is subject to the correct application of the statistical 
analysis, as already mentioned, and moreover, there are practical 
upper limits to the number of samples that should be taken from ~ 
a given rock formation, beyond whic~ no significant improvement 
in "confidence" can be obtained. This and other aspects of 
statistical methods in rock magnetism have been discussed by 
Watson and Irving (1957), Cox and Doell (1960), Cox (1964) and 
others. 
3.5.3 Calculation of the palaeomagnetic pole 
Results of the natural remanent magnetization from 
rock units of the same region can be compared directly. But if 
results from different regions of the world are to be compared, 
they must be referred to a common base. One convenient way is 
to represent data in terms of the geocentric dipole that would 
produce the measured field direction. This is done by specifying 
the present geographic co-ordinates of the geomagnetic pole that 
2 
• 
• 
c 
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corresponds to the orientation of this inferre~ dipole. 
In such calculations, the following assumption, which . 
is of fundamental importance in palaeomagnetism, is made: the 
present geomagnetic field at the surface of the earth may be 
represented in terms of three components; (1) a relatively small 
component due to processes occurring above the earth's surface; 
(2) a component equivalent to the field of a magnetic dipole 
located at the centre of the earth and inclined lli0 from the 
axis of rotation; and (J) a non-dipple component, tVWhich would 
remain if the externally produced field and the dipole field were 
removed. Spherical harmonic analysis of the earth's magnetic 
field (Chapman and Bartels, 1962) can be applied to resolve these 
three components separately. The dipole component is by far the 
largest observed at the surface of the earth, and the one exhibit-
ing the greatest stability with time. Although a dipole inclined 
at 11!0 from the axis of rotation gives the best average fit with 
the present geomagnetic field, theoretical considerations suggest 
that the mean position of the dipole component, when averaged over 
periods of the order of the secular variation (say, a few thousand 
years) will be along the axis of rotation. This reasoning is 
supported by palaeomagnetic results from rocks of Pleistocene and 
Recent age, which indicate quite consistently that the earth's 
~agnetic field, when averaged over a few thousand years, was 
dipolar in nature and parallel to the present axis of rotation, 
( H 1955) While this experimental test covers only e.g., ospers, • 
the past million years or so, it provides, along with theory, a 
... 
., 
:( 
' Q 
-J 
• 
. ,r 
·-
• 
:) 
• : ~ 
... .) 
: ~·. ' 
. . . ~ . 
. . ~ 
.. 
.. ··, 
... 
.. 
: -~ 
; . 
73 
plausible basis f'or extrapolating the naxial geocentric dipole 
assumption", i.e. it is assumed that in expressing palaeomagnetic 
results in terms of' ancient pole positions, one can represent the 
ancient earth's magnetic f'ield by an axial geocentric dipole, 
provided the rocks under study represent a geological sequence 
spanning at least several thousand years. Moreover, the palaeo-
magnetic results supporting the axial geocentric dipole assumption 
also constitute additional evidence for the dynamo theory of the 
origin of the geomagnetic field (Elsasser, 1956; Bullard, 1949). 
Once the mean azimuth and dip of the formation have been 
~lculated, the relative position of the palaeomagnetic pole which 
would be consistent with the observed mean direction can be 
obta i ned by the following equations: 
-9o~ A ~90 ( o I o ) 
cp + p ;_lr 
cp + 180- f3 ~ ~ 
s~~n. £ s~")"\ A 
Gc:rS )\' 
(J .16) 
(J.l?) 
' St"'Y\ "A Si:n 1\ 
(J.l8) 
. . : .-~ ,. 
. :;, .... 
.· .... 
· .: ·, ·,_, : ' 
''.: -~· . 
· . :. v:: .. 
where 
74 
~ is the angular distance along the great circle from 
the sampling site to the palaeomagnetic pole; 
A is the azimuth (or declination) of the magnetization 
vector; 
is the dip (or inclination) of the magnetization vector; 
A· ,~ are the latitude and longitude of the collecting site; 
A1 J ~~ are the latitude and longitude of the palaeomagnetic 
pole. 
From the above relations, a unique palaeomagnetic pole 
position can be obtained. A more detailed account of the cal-
culation of the palaeomagnetic pole may be obtained from Cox and 
Dowll (1960). It is also customary to express the scatter in the 
palaeomagnetic results by surrounding the computed pole position 
with an "oval of confidence", which is a function of the mean dip 
of the magnetic field at the collection site, and of ~l-P• The 
oval of confidence is expressed in terms of ita semiaxea, Op and 
om, where op lies along the great circle passing through the 
collecting site and the palaeomagnetic pole, and expresses the 
uncertainty in determining the distance between the latter and the 
former. ~m is perpendicular to the great circle, and corresponds 
to the uncertainty in azimuth of the computed pole position 
relative to the collection site. 
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3.5.4 Correction for the geological tilt 
If, subsequent to the acquisition of remanent magnetism, 
the geological body is strticturally deformed, the measured magnetic 
vector should be transformed to the position in which the beds 
were originally deposited, which can usually be taken to be the 
horizontal plane. If the samples were taken from beds that have 
been tilted, e.g. from the flanks of an anticline, a "tiltn 
correction .. can be made in which the mean magnetization vector, 
which is considered to be "frozen" within the rocks, is rotated 
along with the rocks about their strike until the surface of the 
beds is horizontal. The new direction of the magnetization vector 
is then assumed to be in the original field direction at the site. 
Such a correction is only applicable when there is reason 
for confidence in the stability of magnetization; i.e. it is assumed 
that the NRM of the rocks, or the magnetization remaining after 
"soft" components have been removed in the laboratory, corresponds 
to the field direction at the time the rocks were formed, and hence 
prior to geological deformation. Moreover, the tilt correction 
is only applicable when it can be assumed that there has been no 
post-depositional rotation of the beds about a vertical axis. This 
assumption is by no means always justified, and lack of the necess-
ary geological or tectonic history of the relevant rock formations 
can often set a limit to palaeomagnetic interpretations. 
If the above assumptions can be met, the tilt correction 
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(whiCh will be applied to data in Chapters 4 to 6), is calculated 
as follows: 
Let the magnetization before tilt correction (i.e. 
assuming a flat-lying rock) be split up into three components, 
X = north-south (north +) 
Y - east-west (east +) 
Z = vertical (down +) 
The mean components for a number of specimens may be denoted by 
X, Y and Z. The resultant mean azimuth and dip are given by: 
- J y A -=- t~1'l - (3.19) 
x 
(J. 20) 
The above magnetization direction is split into three components 
such that, 
X1 is parallel to the strike; 
Yl is 90° east of strike; 
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z1 is vertical. 
The signs are given as follows: 
The angle of geological tilt, T, is positive in the direction 
of downward tilt. Y1 is taken as positive in that direction and 
X1 is thus positive at Y1-90°. z1 is positive downward. The three 
components can be denoted as: 
Y, :. St'Y\ e, c~ D (J. 21) 
z I = Si"''\. D 
where e, is the angle taken clockwise from x1 , between Xi and A. 
Let d be the angle which the projection of magnetization 
on to the Y1-z1 plane makes with the horizontal. Thus d is positive 
downwards; and 
().22) 
This projection,d, of magnetization is changed due to tilt correction, 
as follows: 
(a) If T is positive, the angle d changes to d+T (since 
a downward tilt adds to d). 
(b) If T is negative, the new angle with the horizontal 
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is d-T (since an upward tilt correction decreases d). 
The new components (after tilting) are as follows: 
x2.. ; x, 
y'L = Y, Cc-6 (_J.-t-1) 
(J. 23) 
Co~c:l 
~:l. ; r, Si.')ll(d-t-T) 
5.:?'\.ci 
The new value of s is 9:z. , given by: 
().24) 
(3.25) 
where 8.2. and A1 are the new values of e and 'A, respectively, 
and S is the angle of geological strike. 
The new dip, D1 is given by: 
(3.26) 
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Thus Al and nl will be the new azimuth and dip of the 
formation corresponding to the original horizontal of the bedding 
plane after rotation about strike. Throughout the calculations 
in this operation, it is easy to make errors of sign, and hence, 
great care must be taken in orde~ to obtain the correct quadrants 
for the particular trigonometrioal function. 
J.6 Errors in palaeomagnetic observations 
The observed variations in the palaeomagnetic directions 
from a suite of rooks may be ascribed to the following sources: 
(1) Variation in the orientation of ferromagnetic 
mineral grains in the rook. 
(2) Error in the orientation procedure in the field. 
(J) Error in reproducing the field orientations in the 
laboratory; i.e. misorientations arising when the sample is set 
in plaster of Paris, during subsequent coring, and in transferring 
the field orientation marks to the specimen. 
(4} Error in the measurements with the astatic magnet-
ometer. 
Reference has already been made to contributing causes 
to the error under (1), and to some extent to mhose under (2) -
(4). The resultant error incorporating all sources will be 
widely different in different palaeomagnetic investigations, 
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mainly because the error under (1) is a function of so many 
variables. This resultant error enters into the statistical 
analysis o~ the measurements, though such an analysis becomes more 
meaningful when applied to the "treated" data, i.e. after the 
original scatter has been reduced by removal of relatively ••softn 
or viscous components in the laboratory, or by field corrections 
of the effect of geological deformation. In any case, each 
palaeomagnetic study requires a separate careful error analysis. 
However, the errors under {2) ~ (4), though contributing 
to the total scatter in magnetization directions observed for a 
given suite of rocks, can be separately estimated because orien-
tation and measurement procedures are fairly standardized. 
Provided these procedures are correctly applied, the scatter in 
the data contributed by the combined orientation - measurement 
errors should be similar for different instruments of similar 
precision. According to Irving (1964) the combined orientation -
0 
measurement error is usually in the range 2-5 , which is generally 
small compared to the observed dispersion between samples from the 
same collection site. Sometimes the field orientation error above 
can lie outside this range: e.g. the samples from Virgin Rocks 
0 
shoals (Chapter 6) could be oriented only to 5-10 accuracy because 
of the difficulty of orienting the rocks under water, the technique 
of which has yet to be perfected • 
The error under (2) is composed of errors in (i) reading 
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the Brunton compass used to obtain bearings; (ii) determining 
the horizontal plane; \iii) accurately placing the orientation 
marks upon the rock surface, which can be quite irregular. The 
resultant orientation error, largely determined by the error in 
(iii), :Ls 1-2° in most cases. If the rocks are so strongly 
magnetic that they significantly deflect a compass in their 
vicinity, the bearings are obtained by an alternative method 
(usually compass-sighting at a distance), and this may increase 
the orientation error by 1° or so. However, because the rocks in 
this case are strongly magnetic, a relatively smaller measurement 
error then compensates for the larger orientation error. 
The error under (J) can be kept to within 1° by careful 
work. Then the combined orientation error under (2) and (J) is 
2-3° in most cases. All sources of this error contribute more or 
less randomly to the total observed scatter between samples, but 
there may be an additional systematic error, {2) (iv), due to 
inaccuracy in the value of the magnetic declination used to correct 
magnetic bearings for true north. This value is usually known to 
t 0 or less, the same azimuth error arising in the case of all 
samples from the same locality. 
Cause (4) includes errors in (i) positioning the specimen 
in the specimen holder relative to the horizontal plane; (ii) 
positioning the bearing or azimuth line marked on the specimen 
perpendicular to the magnetic moment plane of the astatic system; 
(iii) positioning the vertical axis of the specimen holder (and 
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the vertical axis of the cylindrical receptacle for the specimens) 
along the vertical axis of the astatic system. The construction 
of the instrument is such that the specimens are always accurately 
centered with respect to the vertical axis of the receptacle of 
the specimen holder; hence no positioning error results from this 
cause. 
Some, but not all, the errors under (4) (i) - (iii) are 
cancelled when readings taken with the specimen in the upright 
position are followed by measurements in the upside-down position. 
Thus, in (i), all azimuth readings will be larger in one position, 
and smaller in the reversed position than they would have been if 
the specimen had been correctly centered; the measuring procedure 
will eliminate most or all of the error with regard to a final 
azimuth, but both dip and intensity of magnetization measurements 
will tend to incorporate a net error. Similarly, there will be 
in general an uncompensated error in azimuth (and a smaller dip 
error) corresponding to cause (ii). Errors in (iii), due to off-
setting from the axis of the astatic system, arise from two causes: 
(a) the vertical component of the magnetic moment vector will then 
introduce a non-cancelling, additional horizontal component on the 
lower magnet, which causes an error in the observed deflection; 
(b) the effect on the lower magnet, due to a magnetization compon-
ent it has induced in the specimen, ·is generally negligible apart 
from shape effects when the latter is accurately centered under-
neath the astatic system, but again a significant horizontal field 
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component at the lower magnet can be introduced when the specimen 
is offset along an axis at right angles to the magnetic moment 
plane of the astatic system. Errors under (iii) are not compensated 
by the measuring procedure and can become important; hence great 
care must be taken to ensure accurate horizontal centering of the 
specimens below the astatic system. This has been done in the 
present case. 
Apart from a human observation error which may be 
systematic, the remaining measurement error is that arising from 
the scale readings, whiCh are individually accurate to 0.25 mm 
on quiet days. The error from the use of a flat, rather than 
circular, scale at 1.8 m from the mirror, is also negligible. 
Eight readings go into azimuth or dip determination, not counting 
repetitions of the first reading in each of the upright and upside-
down positions; these are merely used to distribute the drift of 
the light spot which generally can be assumed to contribute no 
significant error. For a specimen producing given deflections on 
the scale, one can then estimate th~ error in reading the light 
spot. 
It is more useful, however, to obtain an estimate of 
the total measurement error. While the various sources are partly 
random and partly systematic, so that it is difficult to estimate 
the contribution of each, one can estimate the total measurement 
error by repeating observations with the same specimen of given 
intensity of magnetization and noting the scatter in the results. 
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For this purpose an artificial specimen (pyrrhotite powder set in 
) -4 plaster of Paris of intensity J = 2.00 x 10 e.m.u/cc was sub-
jected to measurements with the astatic magnetometer in the course 
of several days; b:efore each set of measurements the cylinder was 
re-positioned in the holder to randomize the error arising from 
manual positioning. The distance of the specimen centre from the 
centre of the lower magnet was 6.00 ems. The results were as 
follows: 
Measurement Azimuth (A) Dip {D) 
1 28.1° 12.0° 
2 27.8° 11.8° 
J 27.5° 12.1° 
4 28.4° 11.3° 
5 29.0° 12.3° 
6 28.0° 11.6° 
7 28.4° 11.2° 
Average 
The deviations from the mean are: 
for Azimuths -0.1°, -0.4°, - 0.7°, +0.2°, +0.8°, 
-0.2° and +0.2~ 
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+0.2o, o.oo, +O.Jo, -o.so, +0.5o, 
-0.2° and -0.6°. 
The standard deviations of individual measurements are: 
Thus it can be said that the direction of magnetization 
of a specimen having intensity of magnetization of the order of 
J = 2 x 10-4e.m.u./cc can be measured to an accuracy .in the 
0 
resultant vector of less than 1 with the astatic magnetometer 
used by the author. The same reproducibility can also be achieved 
with weaker specimens (with minimum intensities of the order of, 
say, 6 x lo-5e.m.u./cc) measured in closer proximity to the lower 
magnet; however, other errors, already discussed, may then become 
prominent. 
It should be noted that the actual errors in azimuth 
and dip, as quoted above for the artificial specimen, are some-
what arbitrary, as the azimuth and dip values themselves are 
arbitrary; therefore the fact that the individual errors and the 
standard deviation in the dip are somewhat less than those in 
azimuth is not significant. (An extreme case would be a specimen 
with very steep dip; .in this case the uncertainty in azimuth could 
be very large without, however, affecting the standard error in 
the measurement of the total magnetization vector). 
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CHAPTER 4 
PAL!EOHAGNETISM OF THE BASALT F10WS FROM THE SOUTH COAST 
OF LABRADOR 
4.1 Preliminary remarks 
It was stated in the Introduction that the measurement 
of the magnetic vector in a rock can provide evidence on the direct-
ion of the eart~'s magnetic field at the time of formation of the 
rock. This knowledge of the geomagnetic field during geological 
times can be successfully utilized in ~olving many physical and 
geological problems. During the summer of 1965, the author 
carried out a field collection of oriented samples from the basalt 
formations around Chateau ~y and Table Head, Labrador. A few 
samples from an associated sedimentary formation were also taken. 
The results and discussions of the palaeomagnetic investigations 
of these rocks form the subject matter of this chapter. 
4.2 State of knowledge about palaeomagnetic directions of 
rocks from Newfoundland 
Very few palaeomagnetic data relating to Newfoundland 
rocks have been reported. The results are found in two public-
ations: 
(1) Nairn, Frost, and Light (1959) sampled Si~nal Hill 
sandstones on the Avalon Peninsula, considered to be of late 
Precambrian age, as well as the Mississippian Codroy rocks north 
of Robinson's River on the west coast of Newfoundland. They 
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measured the palaeomagnetic directions of these rocks and com-
pared the pole positions obtained from their data with the mean 
pole position of the Precambrian rocks (Hakatai Shales) of the 
western and central U.S.A. reported by Creer, Irving and Runcorn 
(1957). In order to bring their results into closer agreement 
tke 
with those from~Hakatai Shales, Nairn et al suggested a counter-
clockWise rotation of Newfoundland with respect to the rest of 
North America by 20° in post-Carboniferous times. 
Black (1964) collected oriented rock samples from 
Palaeozoic formations of western Newfoundland, including the 
Bradore formation (L. Cambrian), Clam Bank group (L. Devonian) 
and the Codroy group of Mississippian age. He compared the 
p·alaeomagnetic directions inferred from these formations with the 
results from the Ratcliffe Brook formation of New Brunswick 
(L. Cambrian), the Perry volcanics and sediments of New Brunswick 
(U. Devonian) and sediments of Prince Edward Island, New Brunswick 
and Gaspe (Permo-Carboniferous and Carboniferous), respectively, 
From his results Black concluded that there is no relative rotation 
between Newfoundland and eastern Canada at least since Carbon-
iferous t.ime. The fifferences in results ~etween sites in New-
foundland and eastern Canada) for Cambrian and Devonian rocks were 
attributed to an.countercloc.kwise rotation of Newfoundland by 30° 
with respect to eastern Canada during l ate Devonian age. He 
suggested that the fulcrum of the )0° rotation of Newfoundland 
is either at point A orB (Fi g. 4), the rotation being anti-
clockwise in either case. 
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However, the interpretation of the data is inconclusive, 
both in the case of Nairn et al and that of Black: 
Nairn et al compared the results from Newfoundland with 
those from central U.S.A. Irving (1964) comments on their results: 
"the reasons (for suggesting the counterclockwise rotation by 20°) 
1-h.e 
are not compelling since the time correlation with Hakatai Shales 
is conjectural, and the discrepancy could, in any case, arise 
from the limited sampling of these beds". 
Black compared the pole positions from western New-
foundland with those from Prince Edward Island and New Brunswick. 
However, these formations are far away from the fulcrum of the 
suggested rotation, and moreover, there is some possibility (e.g. 
Prof. Marshall Kay of Columbia University - private communication) 
that part of the Atlantic land region of Canaia might have .rotated 
relative to the remainder of the North American mainland. If this 
were the case, the rock suites from Prince Edward Island, Gaspe 
and New BPunswick might be ill suited for testing the hypothesis 
of the rotation of Newfoundland relative to the North American 
mainland as a whole. 
4.) Objecti~es of the present study 
The basalt flows from the south coast of Labrador were 
chosen for the present investigations. There are ~o~e main 
reasons for this choice~ a.:pc:.rt from the possi'bili ty that the 
study mi~ht provide further evidence on the rotation of 
Newfoundland: 
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(1) Few reliable palaeomagnetic results based on lower 
Palaeozoic rocks have been reported from mainland North America 
and they include only three Cambrian results (Howell, Martinez 
and Statham, 1958; Collinson and Runcor.n, 1960; and Black, 1964). 
On the other hand, Cambrian rocks are relatively well represented 
in Newfoundland, and it would be useful to add further Cambrian 
palaeomagnetic evidence to the single result already published, 
based on the Bradore formation (Black 1964). Even if the Labrador 
rocks selected for the present investigation turn out to belong to 
a period other than the Cambrian (see below) it is of interest to 
study any palaeomagnetically promising rock formation in Newfound-
land that can add to the still sparse North American evidence 
relating to other periods of the Palaeozoic era, and possibly also 
more recent times. · Among the most promising raw material for 
palaeomagnetism are relatively unmetamorphosed volcanic rocks 
which have not undergone substantial geological deformation and 
are, preferably, associated with a sedimentary series also of 
Palaeomagnetically suitable rock. At first sight the rocks over-
lying the Precambrian metamorphics at Henley Harbour and Table 
Head offer all these conditions which occur relatively rarely 
in combination, though it appears now that both the basalts and 
the red sediments underlying them are more highly metamorphosed 
than was evident before they were more closely examined (see 
Section 4.12). 
(2) Instead of the usual procedure in palaeomagnetism, 
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which is to determine the ancient directions of the geomagnetic 
field from measurements in independently dated rocks, palaeo-
magnetic results are sometimes used for the converse purpose of 
drawing conclusions regarding the age of the rocks. Such infer-
ances can rarely be very accurate, as they must be based on 
previously determined pole posi tiona relative to the land mas·s 
containing the collection site, and these are still only crudely 
known, particularly in the case of the lower jalaeozoic rocks in 
North America. On the other hand, the three Cambrian pole positions 
relative to mainland North America and the single pole relative to 
Newfoundland are all in low latitudes in the eastern hemisphere, 
whiCh is drastically different from, say, a Tertiary pole which 
would tend to be in a high latitude. Hence, magnetically reliable 
result from the Labrador rocks could certainly be used to draw a 
significant distinction between a Cambrian and a Tertiary age, 
though it would be doubtful whether a distinction between the 
Cambrian and the middle Palaeozoic (say, the Devonian) could be 
drawn; this difficulty is increased· because the basalt exposed 
in Henley Harbour and Table Head probably represents only a single 
flow, so that the secular variation of the ambient earth's field 
is unlikely to have been averaged out in the magnetization of these 
rocks. Even if the latter were perfectly stable it would probably 
deviate from the mean field direction at that time, averaged over 
some thousands of years. 
Nevertheless, the age of these rocks is suf ficiently 
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uncertain to make it interesting to attempt such a test: a 
number of geologists have visited the area around Henley ·Harbour 
and Table Head, 14km to the north. Kranck (19J9) report_ed that 
the basalt sheets of the Chateau Bay (Henley Harbour) area are of 
Palaeozoic age. Christie (195l)and Douglas (195J) believe that 
both the basalts and the underlying sediments are of Palaeozoic 
age and Eade (1962) mapped them accordingly. Christie inferred 
that these rocks probably belong to the lower Cambrian, because 
of the close association of basalts and sediments and the fact that 
the latter resemble the arkose and conglomerate of the Bradore 
formation exposed in its type location at Forteau Bay, further 
south along the Labrador coast and placed in the lower Cambrian 
because of fossil evidence (Schuchart and Dunbar, 19J4). Neither 
the basalt-sediment association, nor the resemblance with the dated 
Bradore sediments is conclusive, however. In particular, no 
fossils of any kind have been found at Henley Harbour or Table 
Head and further argillaceous and calcareous members of the Bradore 
formation exposed further south are absent at these localities. 
Wanless et al (1965) conducted some Potassiumprgon age 
determinations of~able Head basalts and obtained a middle 
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Devonian age. While this result is also not necessarily conclusive .... ~ . . 
a post-Cambrian age for the Henley Harbour and Table Head rocks 
cannot be ruled out. 
4.4 GeolOgY of the area 
In the Chateau Bay area, the basalt formations are 
93 
massively exposed at three localities: Devil's Dining Table 
(Henley Island), Castle Island, and Table Head. Henley Island 
and Castle Island are both at Henley Harbour and are separated by 
a tickle, while Table Head is about 15km north-east of Henley 
Harbour. Fig. 5 shows the three localities. 
The exposure named "Devil's Dining Table" is a 24-metre 
section of fine-grained black basalt showing good columnar jointing. 
The basalts rest unconformabl, on Precambrian gneisses, except 
in one locality where Kranck (1939) noted an underlying le~of 
reddish brown arkose. Castle Island has a basalt exposure of 
similar thickness which obviously is part of the same sheet. In 
thin section the basalts contain augite and labradorite with minor 
alteration products set in a fine-grained opaque ground mass. The 
flow at both localities was sharply divided by a break about half-
way (12m) from the base, but this showed no evidence (e.g. vesicular 
structure) of constituting the division between 2 flows. It was 
therefore believed to be more likely that the basalt constituted 
a single, 2-tier flow. Strike and dip were obtained by noting 
the trend of the dividing plane, but in other places (and preferably) 
by measuring the direction and angle of inclination of the basalt 
columns. Strike and dip measurements were made at various places 
and it was found that, on the average, the basalts have a strike of 
20° ~nd a dip of 14°SSE; with an estimated uncertainty of about 
±lo0 in the strike value and about !3° in the dip value. 
Table Head, as its name suggests, is a flat hill, where 
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18 meters of reddish arkose and conglomerate are surmounted by a 
basalt flow ).6 meters thick. The basalt top is flat as at Henley 
Harbour, but columnar structure seems to be completely absent. 
Only a single flow, which could be an extension of the flow at 
Henley Harbour, can be distinguished. The general trend of the 
basalt hill is NE-SW. The position of the basalts at Table Head 
appeared to be almost horizontal, but exact value~ of strike and 
dip were not measured during the 1965 field collection;however, 
~~measurements were made in some detail by members of the Physics 
Department during a subsequent summer field trip, in 1966. 
4.5 ~eld techniques 
A total number of )6 oriented samples were collected 
from the three areas of Henley Harbour, Table Head, and Castle 
Island, but only )2 of these were prepared for measurement. The 
" 
.• 
sampling was conducted in such a manner that the average distance ~· 
between the samples was 25 meters. In addition, these samples were 
collected from different vertical levels within the formation. 
Only five samples of sedimentary rock {J from Henley Island and 2 
from Table Head) are included in the colle~ion. 
The following table gives the collection particulars: 
Site Latitude 
Henley Island 51°59i'N 
Castle Island 51°59'N 
Table Head 
No. of Samples Collected 
Longitude Basalts Sediments Total 
55°5lt'W 
55°5lt'W 
55°4o•w 
20 
6 
5 
J 
0 
2 
. 
2) 
6 
7 
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The samples were oriented by the standard technique, 
using a Brunton compass and a level. A minimum of two horizontals 
were marked on each sample. Usually one of these, but in some 
cases an additional horizontal on the top, served as the bearing 
line. 
In the laboratory, each sample was set in plaster of 
Paris in a preferred position related to its field orientation. 
Cores were drilled with a drill press using a water-cooled diamond 
drill bit of 2.2cm internal diameter. The cores were then trimmed 
with a diamond saw to obtain short cylinders 2.2cm in diameter and 
2.2cm in length. The orientation error due to setting in plaster, 
and during transfer of the orientation marks from sample to core 
and to the specimen surfaces, was probably 1° relative to the hor-
izontal plane. The fact that results from specimens cut from two 
to three cores, rather than a single core were usually averaged 
to give the mean directianof magnetization for sample, tends to 
compensate for the error in transferring marks (but not for the 
other orientation errors). 
4.6 Measurement of the magnetization directions 
From the 32 samples a total number of 193 specimens were 
obtained. The direction of the magnetic vector and the intensity 
f t . J measured for each specimen by the procedure o magnetiza ~on, ·, were 
S 3 J The Computed V
alues of azimuth A, dip D, 
outlined in ection • • 
and intensity J for the 193 specimens are presented in Table 6. 
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TABLE 6 
REMANENT NAGNETIZATION OF THE BASALT SPECIMENS 
FROltl HENLEY HARBOUR AND TABLE HEAD, LABRADOR 
SPECIMEN 
NO • 
mn A1 
A2 
A) 
B2 
B) 
01 
C2 
C) 
· HHJ A1 
B1 
B2 
. C1 
C2 
D1 
D2 
DJ 
HH4 A1 
A2 
A) 
B 
C1 
C2 
CJ 
D1 
HH6 A1 
A2 
B1 
B2 
HH7 A1 
A2 
AJ 
A4 
HH8 A1 
A2 
B1 
B2 
C1 
C2 
CJ 
l)? 
AZIMUTH A 
(degrees) 
87 
77 
77 
99 
82 
109 
113 
131 
167 
54 )50 
54 
1)8 
49 
J 
350 
JJ1 )01 )48 
JJ6 
309 )24 
283 
Jl5 
100 
118 
96 
100 
285 
277 
284 
291 
218 
222 
76 
84 
205 
241 
250 
22 
DIP D 
(degrees) 
44 
44 
65 
43 
42 
27 
28 
21 
75 
7J 
66 
74 
. 69 
71 
60 
62 
74 
73 
72 
62 
68 
69 
60 
5J 
74 
78 
60 
6) 
59 
78 
66 
60 
-65 
-67 
72 
6) 
-57 
-J1 
-45 
- 62 
INTENSITY J 4 (~.m.u./cc x 10- ) 
5.2 
9.1 
10.1 
6.7 
6.4 
6.2 
4.5 
5·7 
).) 
4.1 
5.5 
4.9 ).9 
1.) 
s.o ).9 
6.1 
5.1 ).5 
5·4 8.2 
4.7 ).9 
s.o 
7.) 
4.) ).9 
4.5 
4.8 
4.6 
2.4 ).6 
s.6 
5·5 
1.1 
J.J ).0 
4.9 
4.1 
1.9 
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SPECIMEN 
NO. 
HH9 A1 
C1 
HH 10 A1 
A2 
B1 
B2 
01 
C2 
C) 
Dl 
D2 
HH 11 A1 
A2 
A) 
B2 
B) 
01 
C2 
D1 
D2 
HH 12 A1 
B1 
B2 
D1 
D2 
El 
E2 
F1 
RZ 
G1 
G2 
H1 
HZ 
11 
12 
RH 1) Al 
A2 
A4 
A5 
B1 
B2 
~~ 
98 
TABLE 6 (CONTINUED) 
AZIMUTH A 
(degrees) 
)15 
JJO 
141 
101 
10 
144 
41 
45 ).58 
J5J )19 
20 
18 
10 
5 
14 
3.59 
5 20 
21 
)1 
5 )58 
28 
15 
2 
8 
2)0 
3.55 
20 )52 )58 
18 ))6 
4 
288 
281 
J20 
285 
295 
292 )22 )27 
DIP D 
(degrees) 
- 4 
- 1 
8) 
79 
78 
82 
69 
69 
71 
80 
79 
47 
68 
77 
62 
68 
51 
6) 
60 
58 
51 
44 
40 
66 
57 
56 
41 
74 
64 
69 
52 
7J 
54 
J5 
47 
77 
80 
8) 
78 
72 
69 
70 
72 
INTENSITY J -4 (e.m.u./cc x 10 ) 
472 
487 
8.6 ).6 
5.1 
5.) 
5-7 
4.5 
2.2 ).0 
4.5 
4.2 
6.1 
4.9 
5.) 
4.9 
6.2 
5.0 
8.2 
J.O 
2.8 ).8 
2.5 
2.0 ).8 
5.6 ).6 
).5 
1.) 
4.6 
4.4 
1.9 
J.l 
2.0 
2.9 
8.5 
7·6 6.8 
5.5 
7.1 
6.5 
F' 
; 
.. 
f 
~ 
h 
" 
m 
.. 
,. 
·" 
. 
) 
•· 
... 
, .. 
.. 
6.5 ~ 5·9 
.,.,~·~:,,y~~t;;$i~$._1',Q~q . 
·.F. .·;::: : l;t:.~l ~ -.,. .· : · .. . · ... :'· ,• .. . · ! 
SPECIMEN 
NO. 
HH 14 A1 
A2 
B1 
B2 
Cl 
C2 
D 
E 
HH 16 Al 
A2 
B1 
01 
C2 
D1 
D2 
HH 17 B1 
Bl 
Cl 
C2 
D1 
D2 
HH 18 A1 
B1 
B2 
Cl 
C2 
Dl 
HH 19 A1 
A2 
Bl 
B2 
01 
D1 
E1. 
HH 20 A1 
A2 
A3 
A4 
99 
TABLE 6 (CONTINUED) 
AZIMUTH A 
(degrees) 
341 
0 
350 
47 
351 
320 
346 
341 
78 
26 
347 
93 
87 
98 
103 
15 
2 
2 
348 
354 
357 
342 
355 
23 
36 
17 
349 
36 
90 
17 
349 
48 
4 
339 
~~ 
32 
27 
DIP D 
(degrees) 
69 
71 
77 
75 
73 
79 
78 
75 
77 
83 
60 
76 
75 
74 
75 
64 
66 
65 
51 
41 
44 
62 
75 
84 
86 
84 
69 
56 
66 
66 
54 
69 
67 
70 
72 
73 
75 
75 
INTENSITY J 4 (e.m.u./cc x 10- ) 
4.7 
7.2 
6.7 
6.5 
5.9 
7.2 
3.2 
5.0 
10.1 
12.3 
5.6 
s.7 
8.7 
14.0 
4.6 
6.8 
5.2 
5.1 
4.7 
4.1 
5.2 
7·5 
16.3 
6.2 
17.1 
9·7 
13.4 
s.o 
5.3 
4.0 
4.2 
4.7 ).6 
5.7 
6.7 
7.2 
14.7 
1).4 
-~ 
t-
. 
fi 
.. 
~ 
. , 
. ,. 
~ 
~ 
·.;, 
~-r~~~;tii~!P·· -~: .. "-""""""~11:1 11\;>l< ,~ -' - . ·_ ·: " : : .  . . . 
~ 
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TABLE 6 (CONTINUED) 't~:;: ~-~~ .~ .: 
~::· = 
;!~~-
:{r 
'.•· li ):: 
~-·. 
SPECIMEN AZIMUTH A DIP D INTENSITY J -4 \!: 
NO. (degrees) (degrees) (e.m.u./cc x 10 ) ~;:: f 
•.. 
~---~: 
j; 
r 
HH 21 A1 15~ 79 1.9 A2 31 72 3.5 [• 
A4 198 g~ 2.3 f. ... Bl 334 3.1 t B3 172 72 4.0 
HH 22 A1 338 73 17.2 
A2 344 75 7.9 
B1 0 73 10.6 I : 
B2 6 72 9-9 
B2 26 73 10.8 
B4 29 79 12.5 
HH 23 Al 39 69 13.8 
A2 6 73 12.5 t 
41 69 12.0 
. 
HH 24 A1 a 
Bl 75 69 9.0 73 10.3 . B3 45 ~ 
C1 43 72 11.1 
C2 32 75 12.3 .. 
D1 51 69 11.6 )· 
76 4.3 
.. 
18 
.. 
HH 25 A1 3.8 A2 16 75 
AJ 331 77 3.0 76 6.8 B1 5 5.2 
B2 33 66 
B3 55 65 
4.3 
HH 26 Al 337 68 
3.4 
58 9.4 A2 307 6.0 
A3 314 60 9·2 
B1 325 57 5.8 
B2 325 61 8.8 
C2 332 
*6 9·7 C3 323 
64 60 
1).0 
TH 2 A1 74 1).2 A2 89 10.0 
B1 54 57 15.4 49 B2 70 40 12.0 BJ 86 47 9.2 B4 gz 35 17.4 Cl 23.0 
, C2 63 ~0 l ?·g CJ 77 6~ lOo D1 77 74 22 .5 If . D2 34 
. Willi&f!~-~~-- . · .. :: ··; -:-~r:7'.~ . wx .. aw . ...  . .. . .... __ ·-. ·:. :--: : . . .. '~
SPECIMEN 
NO. 
TH 4 A1 
A2 
B1 
B2 
BJ 
C1 
C2 
CJ 
TH 5 A1 
A4 
C1 
C2 
CJ 
C4 
05 
D2 
D) 
TH 6 A2 
AJ 
B1 
B2 
BJ 
01 
02 
101 
TABLE 6 (CONTINUED) 
AZIMUTH A 
(degrees) 
216 
216 
228 
270 
269 
255 
26) 
262 
78 
49 
80 
~4 
46 )8 
57 
66 
118 
60 
55 
97 
102 
98 
89 
DIP D 
(degrees) 
57 
54 
17 
27 
48 
68 
50 
56 
55 
71 
61 
57 
44 
J9 
6) 
71 
76 
86 
81 
JJ 
52 
4J )6 
28 
TABLE 6A 
INTENSITY J 4 (e.m.u./cc x 10- ) 
20.1 )8.8 
194 
153 
129 
29.2 
J7.6 
41.6 
11.) 
1).0 
14.8 
17.9 
1).9 
18.4 
25.2 
9.) 
15.9 
9.6 
12.1 
. ).5 
6.9 
14.6 
J.J 
1).2 
REMANENT MAGNETIZATION OF THE SEDIMENTARY SPECIMENS 
FROM HENLEY HARBOUR AND TABLE HEAD, LABRADOR 
HH 27 A1 
A2 
HH 28 A2 
AJ 
TH 7 Bl 
Cl 
El 
)2 
57 
44 
19 
JOJ )2.3 
J OO 
6J 
6) 
81 
84 
76 
70 
72 
0.81 
1.42 
1.01 
1.1) 
o.JJ 
1.37 
0. 99 
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4. 7 :· Analysis of the specimen data 
4.7.1 Remanent magnetic azimuth and dip 
The azimuths A of the NRM, obtained for the 19J specimens 
show good consistency within the limits of experimental errors. 
There are however a few noticeable deviations. A histogram of 
azimuth values (Fig. 6.a) has its peak in the range 0 to J0°. 
About 55% of the specimens have their azimuths between JJ0° and 
60°. 
The dips of the NRM show greater consistency than the 
azimuths, which is to be expecte~ since most of the dips were 
greater than 60°. All the dips are downward except six out of a 
total of 19J specimens: four of these are from Sample HHB and two 
from HH9. As the intensity of magnetization of HH9 was unusually 
-2 6 large (J = 4. 8 x 10 emu/ co), and as only 4 of the specimens 
from HH8 show this anoma1lous behaviour, it probably carries little 
significance. A histogram of dips is given in Figure 6.b. One 
0 0 
third of the dip values (67) are in the range 70 to 80 • It may 
be seen from Fig. 6.b and Table 6, that the dips of the magnetic 
vector in Table Head basalts tend to be somewhat lower than those 
in the Henley Harbour rocks. 
4.7.2 Remanent intensity of magnetization 
Values of the remanent intensity J for the basalts, listed 
-4 
in Tables 6, 7 and 8, encompass a wide range (l.J x 10 to 
2.5 x 10-J emu/co, ~:.e.~.oluO..~:t.l€t HHB and HH9). This is not unusual 
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even for samples from a single volcanic flow, but the variation 
between specimens from the same sample also tends to be quite large 
and, as might be expected, a larger than usual scatter in J values 
for the same sample tends to be associated with a larger scatter 
in directions. This is seen in Table 6 (e.g. Samples HHJ, HHlO, 
HH12, and TH6) and Table 7. (It should be noted that the precision 
parameters K and JC~5 are here computed only as a measure of 
confidence in the mean direction at a site: such· estimates .are 
........... 
not too meaningful when applied to a very small number of directions, 
as for example the two specimen values averaged in the case of 
sample HH2J; hence the statistical data in Table 7 should be 
considered with this limitation in mind). Even sample HH12, where 
15 specimens were obtained from locations only a few ems apart 
withtn the rock, yielded a fairly wide scatter in directions, and 
intensities varying by more than a factor of 4. This relative 
inhomogeneity in the magnetization may be the reflection of partial 
chemical alteration in the rock. 
In general, the Table Head basalts are more magnetic than 
the Henley Harbour basalts. Two separate histograms are plotted 
for the two localities and are shown in Figure 7. The majority of 
the Henley Harbour basalts have their intensities between 
J = 4 x 10-4 and 6 x l0-4emu/cc; on the other hand, for 1 in 4 of 
the Table Head basalts J is between 1.2 x 10-J and 1.4 X 10-Jemu/o~. 
The sedimentary samples from both areas have a mean 
intensity of about 9 x 10-Semu/cc. A fairly large variation in 
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intensity among specimens from the same sample is also observed 
in the case of sedimentary rocks. This may be due to some small 
basalt pebbles enclosed in the sedimentary rocks in some places, 
particularly in sample THJ which was not measured for this reason. 
As already noted, sample HH9 has an anomalous magn~ 
ization. Although the hand sample is not significantly different 
in appearance from the others, its anomalous behaviour is perhaps 
attributable to the acquisition of isothermal remanent magnetism 
by lightning. It is not possible to find a conclusive explanation 
for the behaviour. of HH8 until more exhaustive demagnetization 
tests have been made. 
4.8 Computing the mean azimuth and dip for samples 
from specimen data 
It has been shown in Section J.5.1 how the mean values 
of azimuth and dip can be calculated from the specimen data. The 
mean directions for the samples are tabulated in Table 7. A 
computer programme set up with the help of G. 'v. Pearce of the 
Physics Department has been used for this purpose. A convenient 
graphical method to present the directions of magnetization in-
Volves the use of Schmidt's equal area net and this has been used 
to plot the mean directions of magnetization of all samples (Fig. 8). 
4.9 Computing the mean azimuth and dip for sites 
out of sample data 
The mean azimuth and dip for the basalts of the three 
method Outl4ned in Section 3.5.1, and sites were computed by the ~ 
. · . ~. · 
' 
' 
It 
' :• 
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TABLE 7 
REMANENT MAGNETIZATION OF THE BASALT SAMPLES 
FROM HENLEY HARBOUR AND TABLE HEAD, LABRADOR 
SAMPLE NO. OF AZIMUTH 
NO. SPECIMENS (deg.) 
HH1 8 99.3 
HH3 8 33.2 
HH4 8 316.6 
HH6 4 100.2 
HH7 4 284.5 
(HH 8) (8) (221.4) 
(HH 9) (2) (322.0) 
lffi 10 9 31.9 
HH 11 9 11.7 
HH 12 15 3.1 
lffi 13 8 301.3 
HH 14 8 351.6 
HH 16 7 64.8 
HH 17 6 ).58 .o 
HH 18 6 353.8 
HH 19 7 20.5 
HH 20 4 26.5 
HH 21 5 244.J 
HH 22 6 1.9 
HH 23 2 41.7 
DIP INTENSITY 
(deg.) (e.m.u.tcc 
X 10- ) 
n "J 
40.6 6.74 
77.2 3-99 
66.9 5.24 
68.7 5.00 
65.1 3.85 
(-48.0) (3.67) 
(- 2.0) (480) 
81.0 4.72 
60.9 5.31 
56.8 3.16 
75.1 6.80 
75-2 5.80 
78.5 8.71 
54.8 5.1'8 
77.0 11.70 
67.8 4.64 
73.5 10.50 
84.9 2.96 
74.6 11.48 
70.6 13.15 
ESTIMATE OF RADIUS OF 
PRECISION "CIRCLE OF 
PARAMETER CONFIDE~CE" 
K (deg.)5 
16 12.5 
17 11.9 
56 6.6 
82 7-7 
81 7.8 
41 7-3 
64 5.8 
19 8.4 
137 4.2 
124 4.4 
32 9.4 
43 8.7 
57 ?.6 
24 10.8 
1590 1.8 
17 15-3 
171 4.4 
815 ) .5 ~ 
-~.,.~~tli~ .. :: 
1; . 
.. 
1 ': ' 
l ~ i: . 
! ~ 
" .. 
j • 
. }. :' 
~ ; : 
SAMPLE NO. OF 
NO. SPECIMENS 
HH 24 6 
HH 25 6 
HH 26 7 
TH 2 11 
TH 4 8 
TH 5 9 
TH 6 7 
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TABLE 7 (CONTINUED) 
AZIMUTH (deg.) 
47.9 
21.9 
')22.5 
67.3 
247.3 
54. :6 
86.5 
DIP INTENSITY (deg.) (e.m.u.lcc 
X 10-(j.) 
D J 
71.5 11.05 
73.9 4.56 
60.3 7-47 
54.2 14.92 
49.0 )2.12 
60.2 15.52 
52.0 9.02 
TABLE 7A 
ESTIMATE OF RADIUS OF 
PRECISION · 11 CIRCLE OF 
PARAMETER CONFIDENCEtt 
~ 95 K (deg.) 
240 ).7 
65 7.1 
176 4.0 
27 8.1 
12 14.1 
30 8.5 
10 17.1 
REMANENT MAGNETIZATION OF THE SEDIMENTARY SAMPLES 
FROM HENLEY HARBOUR AND TABLE HEAD, LABRADOR 
HH 27 4).8 6).1 1.12 92 
... : ~ :; 
2 ---
1 .·· '! : 
HH 28 2 31.) 82.5 1.07 25 
__ _._ 
.. , 
TH 7 3 308.8 72.6 0.89 
243 -~~.;.~ 
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TABLES 
MEAN MAGNETIC VECTORS OF THE BASALTS FOR THE THREE SITES .. 
SITE MEAN . 
AZIMUTH 
(deg.) 
Henley Harbour 1.3 .1 
Castle Island 9 • .3 
Table Head ?2.6 
MEAN MEAN 
DIP INTENSITY 
(deg.) (e.m.u.lcc 
X 10-~) 
~ j 
?6.1 
?3.9 
?2.8 
6.55 
?.45 
1?.89 
PRECISION RADIUS OF NO. OF 
PARAMETER "CIRCLE OF SAMPLES 
CONFIDENCE 
K ,/.,95 
16 
42 
5 
9.0 
8.8 
.)1.9 
15 
6 
4 
MEAN MAGNETIC VECTOR FOR THE BASALT FORMATIONS OF LABRADOR 
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the results are given in Table 8. In these calculations, each 
sample mean vector is given unit weight. Statistical parameters 
K and Jq5 were calculated :for each site according to equations 
J. lJ and ).15 and are tabulated in columns 5 and 6. The mean 
vectors :for the three sites are plotted in Figure 9 . 
4. 10 Computing the mean azimuth and dip for the basalt formation 
from samp~e data 
From the mean site data in Table 8 the mean magnetic 
vector of the basalt formation was computed according to Section 
J. ) . l. The calculation :for the three sites combined, and with 
unit weight assigned to each sample , is given below. 
s i..tes 
DDT .J c.~ .J TH 
l~ X)._+(_~ Y )'- = = 
-I '2'( b 
Mec:A"l'\. ~ -i.. ~ ""'- u..th :::. CtA.n ::. .2.1· 2. Yx 
- I ~':2: ":.. 76•5° M .e.~-n. d.~p : t.o-9'\. 
.. Jc~- x ) "l--t-O- Y ) "l. 
R = 
I< ::. N- I 
N-R 
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In addition to the individual means for the three sites, 
Figure 9 gives the mean magnetic direction of the basalt ·formation 
of Labrador. In Figure 9 the present geomagnetic field and the 
theoretical ~ocentric axial dipole field at Henley Harbour are 
also plotted. The significance of these directions will be dis-
cussed in Section 4.12. 
4.11 Obtaining the palaeomagnetic pole 
The usefulness of expressing the palaeomagnetic results 
in terms of the ancient magnetic pole was discussed in ·section 
J.s.J. The ancient position of the geomagnetic pole was obtained 
from the combined mean magnetic vector of the basalt formation at 
Henley Harbour and Table Head and are: 
From the general simil arity of the mean magnetization 
vector in the rocks with the present dipole direction in Labrador, 
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it is probable that the computed palaeomagnetic pole has the 
same polarity as the present magnetic pole in the northern hemis-
phere. The ancient pole position is plotted in Figure 10 along 
With the polar wandering curves relative to North America and 
Newfoundland based upon published results by various authors. 
4.12 Stability of magnetization of basalt flows 
from Labrador 
A partial indication of stability exists when the mean 
direction. ·of magnetization of a suite of rocks is significantly ! · 
different from that of the present field at the site. Ho\trever, 
it can be seen from the above results (Fig. 9) that although the 
present field directions are outside the 95% circle of confidence,. 
the observed mean direction is not very different from that of 
the present dipole field or of the actual field at the localities. 
This indicates that a significant unstable component may be con-
tributing to the observed magnetization, and hence it becomes 
important to test for stability in one of two ways: either by 
showing that the measured directions of magnetization are after 
all consistent with stability, or by removing unstable components 
and remeasuring the magne~ization of the rocks. Either result can 
be obtained from the same stability tests in the laboratory • 
The relatively small angle between the existing field 
or the axial geocentric dipole field on the one hand, and the 
direction of the mean remanent vector on the other, is an indication 
that a visC,ous component due to the present earth's field may be 
, 
. · ...... . •. ·.:: . ./;~~ 
prominent in the measured NRM. Hence this precludes the for-
mulation of palaeomagnetic inferences from these results until 
complete stability tests have been carried out; these will consist 
in verifying the presence of any strong viscous component super-
posed on the primary component of magnetization and, if it is 
present, to remove it by means of either alternating field or 
thermal demagnetization. Instrumentation for both purposes is 
under construction at Memorial University; the alternating field 
demagnetization e~uipment was completed at the close of the 
author's investigations·, and therefore only a partial stability 
analysis, applied to specimens from Henley Harbour and Table Head, 
could be carried out. The results, which are shown in Table 9 
and Figure 11, and are discussed below, are therefore still in-
complete. 
Four specimens from Henley Harbour and two from Table 
Head were selected for alternating field demagnetization test. 
They were successively treated at peak fields of 20, 50, 108, 243 
and 324 oe~respectively,by G. W. Pearce of the Physics Department. 
The intensities, J, fell down gradually with increasing field 
(Fig. lla), but except for one ·specimen (HHllAZ) the value of J 
after demagnetization at 32 4 oe was never less than 22% of its 
original value; this is an indication of stability (Doell and Cox, 
1963). Moreover the change in direction of magnetization is not 
very large even after treatment in 345 oe field. If anything, 
the four Henley Harbour vectors are clustered approximately about 
the mean direction of all Henley Harbour basalts before demagnet-
ization 
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- 0 -(A = 12.0 , D = +75.9°) and the two Table Head vectors are close 
to the mean direction of all Table Head basalts before demagnet-
ization (A= 72.6°, D = +72.8°). 
The demagnetization results, tabulated in Table 9a, 
indicate that the measured magnetization is largely due to a stable 
component although this may not be the primary component respon-
sible for the original magnetization • 
In addition to the above six specimens, which before 
demagnetization had exhibited NRM directions and intensities 
representative of the Henley Harbour and Table Head basalts as a 
whole, three specimens (HHlCJ, HH21A4 and HH8A1 ) which had an 
original anomalous direction of magnetization, were also given 
alternating field treatment; the results of these are shown in 
Table 9b and plotted in Figure llb. 
Thin-section studies were carried out by A. C. Nautiyal 
of the Geology Department on one sample each of the Henley Harbour 
and Table Head basalts and the studies indicate that the rocks are 
partly altered. In the Henley Harbour specimen, augite had mostly 
altered to chlorite and partly to deep red hematite, the latter 
mineral occurring in local concentrations . Zoisi te (a variety of 
epidote) is very commonly distributed throughout the rock. On the 
whole, hematite is more prominent than magnetite,which is rather 
unusual for a basalt. The Table Head specimen studied shows less 
alteration, although in this case also, hematite , which is believed 
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TABLE 9A 
REMANENT MAGNETIZATION OF SELECTED "REGULAR" BASALT SPECIMENS 
AFTER SUCCESSIVE ALTERNATING FIELD DEMAGNETIZATION 
TREATMENT 
(Peak a.c. 
field, oe.) 
MAGNETIZATION AFTER-TREATMENT 
Azimuth . Dl.p Intensity -'J/!· (deg~) (deg.) (e~m.u./cc xl.O .) 
before demagnetization 
lOS 
243 
345 
HH 11 A2 
1S 
20 
·, ·· ~8 
30S 
68 
53 
57 
54 
6' 1'' ~· J .. 
1~.4{. 
0.72 
0.34 
-~------------------------------------------~---~-----------------
HH 16 B~ 
before demagnetization 347 60 5-5 · 
lOS 74 77 3.9 
243 20 78 2.5 
324 59 72 2.5 
-----~----------------------------------------~------------------~ 
HH 20 A3 
b~fore demagnetization 27 75 148•• 87 108 10 71 
;!i --------~~---------~~---------~~~----------~----------------------
TH 2 Bl 
before demagnetization 54 57 6.7 
20 45 55 6.7 
50 58 62 5.5 
60 55 65 5.1 
150 29 65 5.0 
400 63 68 -~:~--------------~------------------------------------------~----
TH 5 A4 
. . 49 71 13.0 before demagnet~zation 
59 71 
6.4 
lOS . 64 73 4.3 243 69 2.9 
324 77 -------~----~--
---------------------------------------------------
-·-: .;· 
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TABLE 9A (cont 1d) 
REMANENT ~IAGNETIZATION OF SELECTED "REGULAR11 BASALT SPECIMENS 
AFTER SUCCESSIVE ALTERNATING FIELD DEMAGNETIZATION 
TREATMENT 
(Peak a. c. 
field, oe.) 
before demagnetization 
20 
50 
100 
282 
324 
MAGNETIZATION AFTER TREATMENT 
Azimuth Dip Intensity 4 (deg.) (deg.) (e.m.u./cc xlP- ) 
HH 16 Al 
78.3 
57.1 
65.7 
69.6 
84.9 
.352.2 
76.6 
77 • .3 
76.6 
76.9 
74.8 
80.4 
10.1 
9.2 
7. 4 
6.6 
4·8 
::; 
,. 
!f 
., 
.; 
.: 
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TABLE 9B 
REMANENT MAGNETIZATION OF SELESTED "ANOMALOUS" BASALT SPECIMENS 
AFTER SUCCESSIVE ALTERNATING FIELD DEMAGNETIZATION 
TBEATlwlENT 
(Peak a.c. 
field, oe.) 
before demagnetization 
20 
50 
100 
MAGNETIZATION AFTER TREATMENT 
Azimuth Dip Intensity -4 (deg.) (deg.) (e.m.u./cc xlO ) 
HH 1 C3 
131 
127 
150 
130 
21 
43 
45 
75 
3.4 
2.9 
1.2 
0.95 
-------------------------------------------------------------------
HH 8 A1 
before demagnetization 218 -65 3.3 
20 195 -63 
50 17.3 -72 2.5 . 
100 141 -74 2.6 
150 151 -75 2. 7 
--------------------------------------------------------------~----
before demagnetization 
27 
50 
100 
150 
300 
HH 21 A4 
198 
19.3 
181 
187 
.352 
1.32 
7.3 
72 
73 
42 
-11 
32-
1.3 
0.84 
0.3.3 
0.05 
0.28 
0.14 
l ,.-, r' 
_;:_,:... 
J.. .. O 
I 
I 
Oo8 l 
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I 
Q_.6 I r 
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demagnetization could remove a magnetization of low-temperature 
origin due to hematite without affecting the postulated high 
temperature TRM residing in magnetite. Until these additional 
stability tests, along with further thin-section studies have been 
carried out, the mechanism suggested above must remain tentative. 
4.13 Significance of the pole position 
The pole position obtained from the present data (73.5°N 
0 lat., 22.1 W long.) lies very far from the entire polar wandering 
curve relative to North America;:(Fig. 10). Hence it cannot be 
correlated either with a lower :Palaeozoic pole, or with "typical" 
North American pole position relative to any subsequent geological 
period. This tends to make the rocks more suspect of possessing 
a major unstable component. The inferred position of the pole in 
the eastern Atlantic Ocean may indicate partial instability, in 
the sense that the magnetization vectors could have been pulled 
around part of the way from a position along the North American 
polar wandering curve to that of the present pole. A second 
alternative is that the high presnnt latitude of the ancient pole 
may indicate that the rock formations are indeed younger than is 
believed to be the case by most geologists, but this suggestion 
must be taken with strong reservation, pending the confirmation 
of ~he remanent magnetization directions by more complete stability 
tests. Even if the latter test were to prove positive one would 
still have to explain why the pa~aeomagnetic pole, though in high 
latitude, lies rather far from the polar wandering curve relative ·: to 
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North America. 
4.14 Application of tilt corrections to the Henley Harbour data 
The strike and dip of the Henley Harbour basalts has been 
estimated to be 20° and 14° SSE respectively. On the assumption 
that tilting of the formation was subsequent to its acquisition 
of remanent magnetism, the measured magnetic vector has been 
transformed relative to the original horizontal at the time of 
eruption. The extent to which this assumption is justified will 
depend on the results of more exhaustive stability tests. How-
ever, on structural grounds, the application of tilt corrections 
is unobjectionable here as there is no evidence that the beds have 
undergone rotation about a vertical axis. The transformed vector 
has the following direction (for Henley Harbour only): 
Azimuth, A = 60.1° , . - 0 D~p, D = 71.7 
It is of interest to note that the tilt correction has 
brought the transformed vector corresponding to the Henley Harbour 
data very close to the mean magnetic vector for the Table Head 
data (Fig. 9) where a tilt correction has not been made since the 
beds are within ; 0 or so of being horizontal. This indicates that 
the basalt formations from both sites ·were magnetized in fields 
having the same direction. Further it also indicates partial 
magnetic stability, as one would otherwise have expected closer 
alignment between the Henley Harbour and Table Head vectors before 
tilt correction. The ancient pole position has also been calculated 
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from the corrected data and has the geographical co-ordinates 
0 55.7 N latitude, 
This position of the pole is also plotted in Figure 10. The 
latter pole position is somewhat more significant than the un-
corrected position, if it can be assumed that the magnetization 
was acquired prior to tilting of rocks. 
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CHAPTER 5 
PRELIMINARY PALAEOMAGNETIC MEASUREMENTS OF THE 
MAGNETITE-RICH ARGILLITES FROM THE AREA 
NEAR SPRINGDALE, NEWlt,OUNDLAND 
5.1 Preliminaty remarks 
During the summer of 1965, samples of "ferruginous 
argillite" were collected by the author from four sites at the 
west coast of Notre Dame Bay, to the northeast of Springdale, 
Newfoundland. Palaeomagnetic directions for some of these rocks 
were obtained with the astatic magnetometer, and the data, along 
with results from alternating field demagnetization tests, are 
presented and discussed in this chapter. 
5.2 General considerations and geology 
The present study constitutes the first stage of a 
palaeomagnetic contribution ·towards the "~iesb~d;K Project" 
supported by the Geological Survey of Canada, in which the aim is 
to gain a better understanding of the geology in the general area 
of the British Newfoundland Exploration Company's Vha:JiS~t,:~t::k mine 
near Springdale. 
In this project the rocks of primary interest are of 
Ordovician age. While most of the rocks in this area have been 
dated to the extent of distin~ishing between a Silurian and an 
Ordovician origin, (and occasionally more closely, e.g. lower, 1 
middle or upper Ordovician) a major problem concerns their geological 
1 
l:.t 
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structure, as the rocks are often structurally deformed in such a 
way that geological dips and strikes can change drastically even 
over short distances; hence the orientation of the beds prior to 
folding frequently cannot be ascertained by standard geological 
procedures. Palaeomagnetism can help to solve such problems, 
provided the following two steps are taken: 
(1) Palaeomagnetic pole positions for the time span 
concerned (in this case preferably a known sub-division of the 
Ordovician) must be first established relative to the region of 
interest, using palaeomagnetically suitable rocks. The rocks also 
must be relatively unmetamorphosed, magnetically stable, and pos-
itioned in such a way that a "tilt" correction can be applied to 
relocate them in the attitudes they assumed when they were mag-
netized. 
(2) The ancient magnetic field inferred from (1) is 
then taken to be also the ambient field at the time of formation 
of other rocks in the same region whose contemporaneity with those 
under (1) has been established, but whose original position is 
unknown relative to azimuth (and perhaps also with regard to 
distinguishing the original "top" and "bottom" surfaces of the 
beds). If the remanent magnetization of these rocks can be reliably 
measured relative to their present attitude, they may then be 
"relocated:" in their ancient position through alignment of the 
remanent vector (regarded as fixed within the rock) with the 
previously established ancient field direction. 
.. .. ·'.:: .~ .. ~ .. :~ :~..: ..  .'·. ·: . . 
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The present studies were initiated as a part of Step (1) 
mentioned above. Although it is fairly difficult to find a rock 
formation to ~rve as a control, Dr. V. s. Papezik of the Geology 
Department at Memorial University suggested that the ferruginous 
argillites exposed in the area north of Springdale (Papezik, 1963) 
might prove suitable for that purpose; accordingly the initial 
collections have been made at the argillite exposures. These 
rocks grade from strongly magnetic, magnetite-bearing, grey 
argillites to red argillites whose colour is probably derived 
largely from hematite. 
Unfortunately, the out-crops are often very small, 
making it difficult to obtain a statistically significant number 
of samples at a given site. On the other hand, petrologically 
similar rocks of the same age are exposed in a fairly large number 
of places not only in the Springdale area, but also in other parts 
of north-central Newfoundland. Under the circumstances, it is best 
to sample as large a number of contemporaneous out-crops in this 
general region, in order to establish Ordovician pole positions 
with respect to it. For this reason, reddish argillites as well 
as some volcanic rocks of Ordovician age were also sampled from 
the area north of Botwood, 70-75km soutb-east of Springdale. A 
difficulty is that the distinction between the "top" and "bottom" 
faces of the beds cannot always be made, and the assumption that 
the beds have not rotated significantly about a vertical axis is 
not conclusive in the collections at any particular site. 
..·::-. ·.-. : .. ·. 
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However, if magnetic stability can be demonstrated, the 
results should yield at least a reasonably constant valu~ for the 
angle between the remanent vector and the bedding plane; i.e. 
the least that can be expected from such a study is that it will 
furnish a consistent Ordovi:cian: magnetic dip. Those sites where 
the "top" vs "bottom" orientation is known should, in addition, 
determine the sense of the magnetization vector, :±.e. determine 
whether the dips are upward or downward. The most that can be 
expected is that complete Ordovician palaeomagnetic directions 
(magnetic azimuths as well as the dips) may be inferred on a 
statistical basis. i.e., if the azimuths of the rocks at the various 
sites after correction for tilt show a preferred alignment, then 
the mean direction of magnetization (with all sites given equal 
weight) might be taken as the most probable field direction at the 
time the rocks were formed, with a confidence that would depend on 
the number of sites and the scatter of directions between them. 
Conversely, the tilt correction is more likely to be justified 
when it results in a significant alignment of the mean remanent 
vectors between sites. Contrary to the case of the dips, the con-
firmation of relative consistency between azimuths at different 
sites has to await completion of measurements from a large number 
of sites. 
For the present initial study, only some argillite samples 
from four sites (all in the Springdale area) have been examined. 
Samples from various exposures of argillite and volcanic rock 
collected in 1965 north of Botwood, and also from a further 
• . : . .. · 
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collection of strongly magnetic argillites in the Springdale area 
by members of the Physics Department in 1966, have been left for 
further study. Hence conclusions presented in this chapter can 
be only tentative. 
The localities of the four collection sites are: 
Locality Latitude Longitude No. of Samples 
Nicky's Nose 49°45'N 55°56'W J 
Little Bay 49°40'N 55°56'W 2 
Silverdale 49°45'N 55°56'W J 
Tilt Cove 49°50'N 55°45'W 2 
Nicky's Nose: 
Magnetite-rich argillites are exposed at Nicky's Nose 
as very small out-crops on a steep hill. The argillite is thin-
bedded, dark and probably minutely drag-folded; the rocks are also 
strongly magnetic and relatively unaltered. Papezik (196J) reports 
that the underlying rock is basalt. Accoring to MacLean (1947), 
the argillites: in this area are of early Ordovician age. The 
dips are larger than 80° and the tops and bottoms of the beds are 
not distinguishable. 
Little Bay: 
Near the village of Little· Bay, samples were taken from 
the edge of a pond. The out-crop is again very small, and the 
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rocks are similar to those at Nicky's Nose but reddish rather than 
grey in colour and less strongly magnetic. · Some of the beds show 
distinct but uneven banding an~ in certain places, the bands are 
green,which may be due to epidote, indicating some degree of 
metamorphism. The rocks were found to be ·:dipping at very steep 
angles (~85°) but the tops and bottoms of the beds are not dis-
tinguishable. The long axis of the out-crop is approximately along 
strike. 
Silverdale: 
The out-crop of "ferruginous argillite" at Silverdale 
is similar petrologically to that at Nicky's Nose, but again the 
samples proved to be less strongly magnetic. The out-crop is 
located on the coast at Little Bay and is fully above sea-~evel 
only at low-tide. The argillites were found to contain some 
epidote and occasional bands of jasper. The dips again are very 
steep. Tope::and bottoms were undistinguishable at one of two sub-
sites, but could be distinguished at the other sub-site because of 
graded bedding. 
Tilt Cove: 
At ~ilt Cove, about 50km north-east ot Springdale, the 
argillite was sampled inside the Tilt Cove copper mine and in the 
vicinity of the mine. The formations appeared to be hematitic 
from appearance (red-coloured and fine-grained). Sample TCl was 
collected inside the mine at the 2000-ft. level below the surface. 
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The dips are steep, but the upper and lower faces of the beds can 
be distinguished by means of sorting of grains. Several other 
samples were obtained from a small, patchy out-crop on a hill above 
the mine. The geological dip here is less steep, and the tops and 
bottoms of the beds can again be distinguished by grain sorting. 
So far measurements have been made only on three specimens of one 
sample from Tilt Cove (TCl, collected inside the mine). 
·.; .  
Because the rocks generally showed excellent banding ~t~ , · 
accurate strike and dip values were easy to obtain. The measure-
ments were made close to the samples and are listed below (where 
the word 11 tilt" will be used here instead of "dip", to avoid con-
fusion with the magnetic dip). 
Sample No. 
NNl 
NN2 
NNJ 
LB2 
LBJ 
SDl 
SD2 
SD4 
TCl* 
TCJ 
*Not measured 
Strike 
)00° 
)01° 
)01° 
18° 
18° 
2910 
291° 
297t0 
2.56° 
242i0 
Geological Tilt (or Dip) 
98°NE !or 82°SW) 
90°NE or 90°SW~ 
92°NE or 88°SW 
90°E 
87i0E 
(or 90° W) 
(or 92t0W) 
l00°N (or 80°S ~ l00°N (or 8o0s 
8)0 NE 
89°N 6Bt0 NW 
,. ,, 
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It may be noted that alternative values of tilt; a.'ndl. "fuli]:tt dron:-
ection have been given in the case of those ~....:m~'lies wfre:r!e iiill!m 
and bottoms of the beds are not distinguishable. 
5.3 Results 
The remanent magnetization of a total number ~ff. ~~ 
specimens was measured with an astatic magnetometer. Indi~~~li 
specimen directions and intensities of magnetization are ta~te~ 
in Table 10, and sample mean values in Table 11. These resu1~s~ 
whiCh are with respect to the present horizontal plane, do no~ h&we 
any palaeomagnetic significance, except in the sense that the 
attitudes of the remanence vectors relative to the present horizon-
t~l ~ plane ~u~t be .. considered .. :in any assessment of stability; in 
general thes~ have fairly ste~p dips and could have been deflected 
towards the earth's field direction.in re~atively recent time~. 
While the number of samples . so . far exam~ned is too small to permit 
any statistical significance test of the deviation between the 
remanent magnetizati9n direction in these ro9ks and that of the 
pr~sent field (or the axial geocentric dipole field), some of the 
specimens have been subjected to alternating field demagnetization, 
and the results will be discussed in Section 5.4. 
Assuming for the present that magnetic stability can be 
demonstrated, the NRM directions have palaeomagnetic significance 
only if they are corrected for the tilt of the bedding plane. The 
question whether or not such corrections are applicable at the 
Springdale sites has been discussed in Section 5.2; in any case, 
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TABLE 10 
REMANENT MAGNETIZATION OF THE INDIVIDUAL SPECIMENS FROM 
ROCKS IN THE SPRINGDALE AREA 
SPECIMEN 
NO. 
NNl Al 
NN2 Al 
NN2 Bl 
NN3 Al 
NN3 Bl 
LB2 AJ 
LB2 Bl 
LB2 B2 
LB2 BJ 
LBJ Al 
LBJ Bl 
SDl Al# 
SD2 Al# 
SD4 Al# 
TCl Al 
TCl A2 
TCl A3 
AZIMUTH(A) 
(degrees) 
J 
15 
59 
63 
63 
268 
290 
312 
102 
228 
164 
~ 64) 23) 273) 
37 60 
86 
DIP(D) (degrees) 
+70 
41 
54 
57 62 
+48 
77 
69 
35 
63 
53 
(+84) 
~ ~6~ 
+70 
65 
74 
INTENSITY OF MAGNETIZ~TION(J) (e.m.u./cc x 10- ) 
)66 
2).6 
19.0 
9·7 
18.3 
0.94 
0.71 
0.27 
0.91 
0.53 
0.26 
o.68 
0.84 
0.84 
quoted values of A and Dare doubtful. # Inhomogeneous magnetization; 
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the adjustment is a major one in view of the fact that all geological 
tilts and most of the magnetic dips are quite steep; therefore, 
tilting of the beds into the horizontal plane corresponds to a 
rotation of the magnetization vectors through large angles into 
directions with low dip. In the cases where tops and bottoms of 
the beds are not distinguishable, they can be rotated about strike 
in either sense, resulting in two alternative NRM directions after 
tilt correction. 
The corrected results for samples and the mean results 
for each site are tabulated in Tables 12 and 1), respectively, with 
both alternative directions being shown where applicable. The 
results in Table 12 have also been plotted on an equal-area net in 
Fig. 13. 
Palaeomagnetic pole positions corresponding to the data 
of Table 13 are shown in Table 14, but again in view of the small 
number of samples, these have virtually no statistical significance 
and are presented only for comparison with better-established pole 
positions for the lower Palaeozoic. Relative to North America, 
however, reports of the latter in the literature are also scarce, 
and Irving (1964) lists only one reliable Ordovician pole: this was 
inferred from the upper Ordovician Juniata formation in Pennsyl-
vania by Collinson and Runcorn (1960) and has the co-ordinates: 
20°N, 153oE. The pole positions in Table 14 are quite scattered, 
though the fact that they are also in low present latitudes, is 
probably significant. Nevertheless the longitudes inferred from 
the present samples differ substantially from that quoted by 
1 .. 
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TABLE 11 
MEAN SAMPLE MAGNETIZATION WITH RESPECT TO TRUE NORTH AND 
PRESENT HORIZONTAL * 
SAMPLE NUMBER OF MEAN MEAN _ 
NUMBER SPECIMENS AZIMUTH A DIP D 
AVERAGED (deg) (deg) 
NN 1 
NN2 
NN 3 
1 
2 
2 
3.0 
s.s 
62.9 
70.0 
47.6 
59.6 . 
MEAN INTENSITY OF 
MAGNETIZATION 
(emu/cc x 10-4) 
366 
21.3 
14.0 
----~-~-------~~-~-----~-~------~~~-----~------~~------~--~ 
LB2 
LBJ 
4 
2 
292.2 
190.8 
58.9 
83.6 
70.h 
0.71 
0.40 
0.78 
* Si1verda le samples omitted bec~use of inhomogeneity 
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TABLE 12 
MEAN SAMPLE DIRECTIONS WITH RESPECT TO HORIZONTAL BEDDING PLANE 
AND TRUE NORTH, AFTER ALTERNATIVE TILT CORRECTIONS 
Sample 
No. 
NN1 
Azimuth Dip Alternative (gegrees) (degrees) 
19.1 -27.6 1 
220.9 27.6 2 
Geological Tilt 
Assumed 
0 98oNE 
82 S'W 
---------------~----------------------~---------------~-----------
NN2 11.9 
230.1 
-38.8 
38.8 
1 
2 
0 90oNE 
90 sw 
------------------------------------------------------------------
0 
NNJ 48.5 -27.6 1 92oNE 
193.5 27.6 2 88 sw 
0 
LB2 292.6 -6 • .3 1 90oW 
103.4 6 • .3 2 90 E 
----------------------------------------------------------------~~ 
r. 0 
LB3 260.0 l.2 1 92.5oW 
135-9 -1.2 2 87.5 E 
0 
TC 1 4·5 -4.8 * 89 N 
* Tilt is unambiguously given 
. · .. · :-.:· 
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.Fig. l2a.. 1'1EAN DIRECTIONS OF HAGNETIZATION OF THE ARGILLITE 
SAl"\iPLES FRON SPRINGDALE· AREA 
Equal area projection ~ the primitive ·being the 
pre sent hori z ontal 
North poles all dov.r.n\·.rard 
v Srunples from Nicky 1 s l ose 
Samples from Little Bay 
~ Samples from Tilt Cove 
E 
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N 
Fig. l2b. M~~ DIRECTIONS OF ~UGNETIZATION OF THE ARGILLITE 
SAHPLES FiiOH SPHilJGDALE ·AREA 
Equal area projection_, the primit,ive being the 
horizontal bedding plane' 
Solid symbols indicate north poles up-~.'lard 
Hollow symbols indicate north poles downward 
v Nicky's Nose) .Alternatives l and 2 . 
o Little Bay Alternatives l and 2 
x Tilt Cove / 
(see text) 
E 
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TABLE 13 
MEAN SITE DIRECTIONS OF MAGNETIZATION WITH RESPECT TO HORIZONTAL 
BEDDING PLANE AND TRUE NORTH 
SITE NUMBER OF 
SAMPLES 
AVERAGED 
Nicky's Nose 3 
Little Bay 2 
Tilt Cove l 
MEAN 
.AZIMUTH 
(degrees) 
27.0 
220.3 
276.3 
119.7 
4·5 
TABLE 14 
MEAN DIP (degrees) 
-32.2 
31.0 
-2.7 
2.7 
-4.8 
ALTERNATIVE 
1 
2 
1 
2 
unambiguous 
PALAEOMAGNETIC POLE POSITIONS OBTAINED FROM THE DATA OF THE ROCKS 
FROM THE SPRINGDALE AREA (approximate values only) 
SITE POLE POSITION LATITUDE LONGITUDE 
ALTERNATIVE 
Nicky's Nose l9°N 97°E 
1 
11°N 76°E 
2 
Little Bay 3~ 40°E 
l 
l8°N l700W 
2 
Tilt Cove 38°N ll9°E 
unambiguous 
* All pole positions have been transposed to the northern 
hemisphere. 
L..:... 
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Collinson and Runcorn. 
5.4 Assessment of stability 
The palaeomagnetic study of these argillites is still 
incomplete and the results do not yet lend themselves to a final 
interpretation. This is not principally because of the ambiguity 
(in most cases) with regard to top vs bottom faces of the beds, 
because, as shown by the data in Tables 12, lJ and 14, this affects 
not so much the position of the palaeomagnetic axis, as its polarity. 
In all cases this axis after tilt correction, makes a large angle 
with the present spin and magnetic axes of the earth, resulting in 
poles at low .latitude which are qualitatively consistent with the 
generally low latitudes of lower Palaeozoic pole positions relative 
to North America· reported in the literature. The uncertainty in 
the present case is due rather to the small number of samples so 
far examined, and to the fact that the magnetization vectors rel-
ative to the present horizontal plane make relatively small angles 
with the present spin or magnetic axes, so that independent stability 
tests assume special importance. 
The fact that the magnetization vectors in individual 
specimens from the same sample generally show a misalignment 
considerably in excess of experimental error, is an indication of 
at least partial instability, as it cannot be explained by defor-
mation of the rock. Similarly, there are relatively large diff-
erences between mean sample directions at the same site, as well as 
between sites both before and after tilt correction (Tables 11 and 
·•' 
12). 
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In order to randomize the magnetization directions due 
to the possible presence of a soft component, and thereby cause 
greater alignment between these directions, certain selected 
specimens have been successively demagnetized in peak fields of 
108, 202, 324 and 405 oe respectively. The tilt correction is 
incorporated in the results of Table 15 giving the direction of 
magnetization observed after each _successive alternating field 
treatment. The demagnetization results are plotted in Figures 13a, 
){, and h. Although after the alternating field treatment, the 
scatter is sometimes less and in no case substantially more than 
before treatment, the fact that few specimens have been tested do 
not permit the estimate of an optimum field of demagnetization. 
However, changes in the directions of magnetization produced by the 
stability treatment, have been sufficiently small in all cases to 
make it saf~ to deduce the presence of a significant hard component 
of magnetization. 
Considerable scatter in the positions of the pole from 
different sites may also be due to the uncertainty of the strikes 
and dips of the beds. Moreover, great use has been made of the 
"tilt · corrections", the results of which in this case are decisive 
in interpretation, though as stated in Section 5.2, the geological 
control needed for applying these tilt corrections is· lacking at 
present. 
However, the result that the pole positions are in low 
latitudes, together with the demonstnation of at least partial 
stability against demagnetizing fields up to 400oe, are promising 
-----.;.,;,:_,~· . .,.;,.,.,, "'""'-'·"""·"'·""'·""""'-··""" ........... .....: :-:-·-···- · ·· ·· --·· 
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TABLE 15 
REMANENT MAGNETIZATION OF SELECTED ARGILLITE SPECIMENS 
AFTER SUCCESSIVE ALTERNATING FIELD DEMAGNETIZATION 
TREATMENT 
(Peak a.c. 
field, oe.) 
MAGNETIZATION AFTER TREATMENT 
Azimuth Dip Intensity 
(deg.} (deg.) (e.m.u./cc) 
NN1A1 
before demagnetization 3 70 36.6 X 10-
3 
108 200 88 3.8 
11 
202 263 83 2.8 
.. 
324 297 75 1.1 
If 
405 110 69 1.6 
If 
------------------------------------------------------------~ 
NN2Al 
before demagnetization 18 41 2.36 x 10-
3 
108 341 71 o. 97 " 
202 353 · 7o 0.61 n 
324 317 75 0.50 u 
405 357 47 0.54 " 
--------------~---------------------------------------~----~~ 
NN3Al 
be!ane demagnetization 
202 
324 
405 
63 
23 
14 
0 
62 
68 
49 
31 
1.83 X i0-3 
0.35 u 
0.27 " 
0.21 11 
-------------------------------------------------------------
TC1A2 
-5 
t · t. 60 65 8 • 4 X 10 · before demagne l.Za l.On 196 72 4.5 " 
108 -----------------
--------------------------------------------
before demagnetization 
LB2Al 
269 
45 
48 
82 
108 ---------------·- --~~·---------
* Azimuth and dip are relative to the present horizontal and 
true north 
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I 
tzj 
N 
:!::qual area plot .3hOvJing variation in directions 
of magnetization of certain selected argillite 
5peci.i'TI.ens from Nicky 1 s l·~ose . Solid sym.bols 
indicate north poles U}JI.:rard and hollo1.or symbols 
indicate north poles do-v.:rr,Iard. The prim.i ti ve 
is the ho:cizonJcal bedding plane . lJur.1.bers l-5 
i~dicate the correspondiLg magnetization 
directions .before deQagneti~ation~ ana after 
l08 ~ 202 _, 32h.:: and 405 oe. alt.c rnat.J..ns .i'i.elci 
demagnetization respectively. 
· l'H-J l Al; Alternatives l &.. 2 
i~N 2 Al;, AlJcernat.i ves l " 2 <.:,.: 
rn: 3 Al~ Alt e rnatives l &. 2 
E 
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criteria, indicating that future systematic studies of more samples 
of argillites from additional sites in north-central Newfoundland 
should establish a reliable Ordovician pole relative to this region. 
.,. 
' ·• 
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.... 
147 
CHAPTER 6 
SOME PALAEOMAGNETIC MEASUREMENTS ON SAMPLES 
FROM THE GRAND BANKS OF NEWFOUNDLAND 
6.1 Preliminary remarks 
Results of a preliminary palaeomagnetic study of the 
Virgin Rocks shoals on the Grand Banks of Newfoundland are 
reported in this chapter. The Virgin Rocks specimens were cut in 
the form of cubes, and as such a different procedure of measurement 
has been adopted. The results are discussed with reference to the 
earlier palaeomagnetic work in Newfoundland. 
6.2 General considerations 
Reports of palaeomagnetic studies of underwater samples 
are comparatively scarce, though recently Harrison (1966) published 
the results of magnetic measurements on oriented deep-sea sediments 
from the Pacific Ocean o:btained by standard coring techniques. 
However, only unconsolidated material is recovered in this way, 
whereas no results based upon oriented bedrock samples :(either in 
the form of irregular pieces, or of drill cores) appear to have 
been published. 
On the other hand the ·continental shelf is accessible to 
aqualung divers to a depth of 50m. or more, which opens up the 
prosp~ct that bedrock samples from exposures on the shelf could be 
oriented inemtu and recovered by divers using techniques similar to 
... . .. , ~·. : ~ ............. · .. 
. ; ) 
-~ 
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This those applied to the collection of oriented samples on land. 
was shown to be feasible during a reconnaissance geological 
expedition to the Virgin Rocks shoals on the Grand Banks, about 
170km. east of the Avalon Peninsula, conducted by the Memorial 
University in 1965 (Deutsch and Lilly, to be published). The rocks 
were oriented under water with the aid of a pressurized Brunton 
compass, dislodged by explosive and brought to the surface by the 
divers. However, only three samples suitable for palaeomagnetic 
measurement were recovered: these were from two shoals separated 
by about 2km. and having respective minimum depths of 9 fathoms 
(16.5m.) and 17 fathoms (Jlm.). The locality is at Latitude 
46°25'N, Longitude 50°49'W (Fig. 14). Some details are given below: 
Sample 
No. 
VR1 
VR 2 
VRJ 
No. of 
Specimens 
Cut · Measured 
2 
5 
8* 
2 
5 
J 
Minimum Depth 
to Shoal 
(fathoms) 
9 
17 
17 
Geological Structure 
at Shoal 
Strike Tilt 
* Five cubes were inhomogeneously magnetized. 
6.) Geology 
The first direct underwater geological exploration of the 
Virgin Rocks area was reported by Lilly (1965). He described the 
material of the shoals as tough, well-indurated, greenish-grey, fine-
- - -,..,;·.;;:.;.·· ·.;.:.," ·;;:.;:----~- ---~-·""" ·:--· ... _ ... _: _.. ; .. _--.. :·· .. .-
·;., 
·.~ 
·~. 
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l49 
AVALO~ 
PENINSU LA 
fa ~BALLARD lrv'<i!u BA N K 
4 0 
0 
39 
3 6 
5 
.@EASTERN VIRGIN 
ROCKS SH O ALS 
35 
10 
M L E S 
EASTERN 
SHOALS 
Fig . l4 LOCALITY OF TH-.:1 VI GifT J.l.OCK s::OAL , 
(repro duc ed f' rom Deu·tsch and Lilly, to be published) 
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grained microbreccia, containing fragments of quartz, granite 
gneiss, granite, dio:rit~, ·:feldspar, mafic volcanic rock and zircon 
in the range of 1-Jmm. in diameter, in a fine siliceous matrix. 
The coarsest breccias were found to contain scattered cobbles of 
granite up to lOOmm. in diameter. Small grains of magneti~e, which 
are fairly common though irregularly distributed, are probably 
responsible for most of the remanent magnetism exhibited by these 
rocks. The shoals are believed to be of late Precambrian age because 
of their lithological similarity to rocks of the late Proterozoic 
group outcropping on the Avalon Peninsula of eastern Newfoundland. 
6.4 
I 
Procedures for measurement of the magnetic vector 
The measurement of magnetization directions for a cubical 
specimen is slightly more complicated than that of a cylindrical 
specimen. The procedure is outlined below: 
As in the case of the previous investigations, the samples 
brought from the field are set in plaster of Paris in the laboratory 
prior to the cutting of specimens. Cubes having 2.0-cm. edges were 
cut with a diamond saw and, although contamination with minute 
ferromagnetic chips from the steel blade was probably negligible, 
the surfaces of the cubical specimens were rubbed with emery paper 
as a precaution prior to measurement. Each cube was cut with one 
pair of its side faces parailel to the north-south direction and its 
top and bottom faces representing the in~itu horizontal plane of 
the sample. The following notation was used: 
.. , 
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+x, +y and +z are co-ordinates in the north, east and 
downward directions, respectively; 
X'l is the cube face perpendicular to and pierced by the 
+x-axis; 
Y'l is perpendicular to and pierced by the +y-axis; 
z•1 is perpendicular to and pierced by the +z-axis 
(i.e. the bottom face of the cube); 
and x• 2, Y' 2 and z• 2 are faces opposite to x•1 , Y'l and 
z•1 , respectively. 
Also, let X1 , Y1 , z1 , X2, Y2 and z2 represent the scale 
deflections (usually in mms.) observed when x•1 , Y• 1 , z• 1 , x• 2 , 
Y' 2 and z• 2, respectively, are facing east. 
The magnetometer has been set up with the north-seeking 
end of the lower magnet pointing north and its south pole facing the 
observer. All measurements are referred to a standard orientation, 
whi.ch is that of the relevant cube face facing east; then any mag-
netization vector parallel to the east-west direction (i.e. perpen-
dicular to the east and west faces) and having its north pole in 
the east direction will cause a maximum deflection of the astatic 
system, the movement of the light spot being to the right. The 
measurement procedure was as follows: 
Step I. Insert the cube in the specimen holder with the z•
2 and 
x•
1 
faces facing top and east respectively, so that the Y' 1 face is 
k 
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towards the observer (position I in Fig. 15). Take the reading lS_. 
Rotate the cube clockwise by 90° about the vertical axis, 
Y'2 facing east. Take the reading Y2• Repeat this procedure with 
two further clockwise rotations by 90°, obtaining the readings 
x2 and Y1 • 
Rotate the cube clockwise by another 90°, bringing it back :, 
to its original position, with x•1 facing east. If the reading 
differs from the first value of xl, the difference is attributed to 
drift and is distributed over the four readings, x1 , Y2, X2 and Y1 • 
(No further reference will be made to this drift correction, which 
is applied also in the case of Steps 1I- VI, below, based always 
on a repeat measurement at the end of the step). 
Step II· Rotate the cube by 180° about the horizontal axis so that 
its position corresponds to position 2 of Fig. 15. Take the reading 
Rotate the cube anticlockwise by 90° about the vertical 
axis and measure Y2• Repeat this procedure with two further anti-
clockwise rotations by 90°, obtaining X2 and Yl • 
Step III. Re-insert the cube as shown in position), Fig. 15 and 
measure Y
1
• Rotate clockwise about the vertical axis in 90° steps 
as before and read z2 , Y2, z1 , and Y1 , respectively. 
Step IY· Rotate the cube by 180° about the horizontal axis so that 
position 4 of Fig. 15 is obtained, and measure Y1 • Rotate anti-
clockwise about the vertical axis in 90° steps and measure Z2, Y2, 
., ... · . : ~ .... ........ ·.:. · .. 
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z1 , and Y1 , respectively. 
Step y. 
position 
vertical 
ively. 
Re-insert the cube in the specimen holder as shown in 
5, Fig. 
axis in 
15, 
90° 
and measure z1• Rotate clockwise about the 
steps and obtain x2, z2, xl, and zl, respect-
Step VI. Rotate about the horizontal axis by 180° so that position 
6, Fig. 15, is obtained, and measure z1 • Rotate anticlockwise about 
the vertical axis in 90° steps and measure x2, z2, x1 , and z1 , 
respectively. 
In this way four readings are obtained for the east 
orientation of each cube face (not counting repeat readings for 
drift correction), yielding a total of 24 measurements. The pro-
cedure is summarized below: 
Starting Position 1 2 J 5 6 
in Fig. 15 
Sense of rotation 
c - clockwise A - anticlockwise c A c A c A 
1st reading in Set xl xl yl yl zl zl 
2nd reading in Set y 
'· 2 y2 z2 z2 x2 x2 
Jrd reading in Set x2 x2 y2 y2 z2 z2. 
4th reading in Set yl yl zl zl xl xl 
1st (repeat) xl xl yl yl zl zl 
~ 
;.:_ . 
1 2 
3 
·Fig. 15 P0SIT1u;•:S OF TH~: Gili3ICi\L SPE~Hi~NS FOll TIIF. MEASUllm1ENT OF 
AZHIUTH AND DIP ( SEE TEX'f ) 
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From columns (1) and (2), the ratioY may be calculated 
X 
y 
-)< 
(Y.) I -t-( Y.)z.. - L YJ.), - l Y,. )~ 
( X 1 ) 1 t- l X 1 )2.. - ( X:;).) 1 - (X;.) z.. 
Similarly, from columns (J) and (4): 
lY•):; +l. Y~)4 - (_ Yl-)3 -( Yz-)4 
(t:,) 3 + l i! 1 )4- - c~,.) 3 - ("Zz-)4-
From columns (5) and (6) 
r 
X 
:: 
(2?, ); + (r:,),- (_ ~:z)r - {__%:;~.)~ 
(X I ) S' t (.X I)~ - ( X 2. ) S" - (X z.) ' 
(6.1) 
(6.2) 
(6.)) 
From the above ratios, the values of the components 
R, R, and R may be obtained as follows: 
X y '1:. 
R 
(6.4) 
X 
·· ::,. 
.. 
· : . .' 
. ;·· 
.'· 
where 
I? 
y =-
::. 
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'I I I + X,_ 7!2. ~ 1-
\_ yJ.- + y2- jJ 
'I Y'l-))..... 
+-.:z._'~-
(6.5) 
(6.6) 
t 
R = (X2 + Y2 + z2 ) is the length of the magnetic vector. 
From the above, the azimuth, A, and dip, D, may be obtained 
as follows: 
A -::: -1 y ta."" -
.)( 
(6.?) 
D :::. (6.8) 
The intensity of magnetization, J, can be obtained by 
using a similar procedure as in the case of the cylinders discussed 
in Section ).4. In the case of cubes, the maximum deflection due 
to the horizontal component of the magnetic vector in each of the 
three planes is measured, and its mean value is used instead of 
b in equation J. 2. 
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6.5 Results 
An attempt was made to measure the magnetic vectors of 
all 15 cubes cut from the samples (Section 6.2), but five out of 
the eight specimens from VRJ turned out to be inhomogeneous, and 
their magnetization could not be represented by dipole at the cube 
center. This will be further discussed· in Section 6.7.2. Results 
for the remaining 10 specimens are shown in Table 16 and the sample 
averages, calculated according to Section J.5.1 relative to the 
present horizontal plane, are tabulated in Table 17. 
Tilt corrections (Section J.5.4) were applied to the 
results in Table 17 on the usual assumption that the beds have been 
tilted about the strike line by an angle equal to the measured tilt. 
Most probably this assumption is justified in the case of samples 
VR2 and VRJ, because the observed strike and dip (5°, 29°E) at 
the 17-fathom shoal from which these samples were taken (Section 6.2) 
conform to the gross structure of the Virgin Rocks, as reported by 
Lilly (1965). On the other hand, the assumption may be inapplicable 
to sample VRl for the 9-fathom shoal, because the strike and dip in 
the latter case (11)0 , 10°S) were probably measured at a local bend 
in the strata (Deutsch and Lilly, to be published)l In view of this, 
the "corrected" direction for VRl could be in error. These dir-
ections, relative to both the present and the ancient horizontal 
plane, are plotted on an equal area net in Figure 16, which shows 
also the directions of the present acting and axial dipole fields · · 
in the Virgin Rocks area. 
. ; 
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TABLE 16 
REMANENT MAGNETIZATION OF SPECIMENS FROM THE VIRGIN ROCKS 
RELATIVE TO PRESENT HORIZONUL PLANE AND TRUE NORTH 
SPECIMEN 
NUMBER 
VRl (1) 
(2) 
VR2 (1) 
(2) 
(3) 
(4) 
(5) 
VR3 (1) - (5) 
(6) 
(7) 
(8) 
AZIMUTH A 
(degrees) 
222 
187 
52 
49 
.34 
8 
35 
DIP D 
(degrees) 
-35 
32 
8 
- 6 
.34 
-7.3 
1 
MEAN INTENSITY OF 
· MAGNETIZATION 
J x 1o-5(emu/cc) 
2.9 
2.1 
0.84 
5.5 
6.4 
3.4 
1.7 
Inhomogeneous magnetization. Results cannot 
be represented by dipole. 
52 7 0.58 
340 11 8.9 
116 -32 11 
I . 
I 
. :~ 
; :} 
· . • 
'•' • < 
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TABLE 17 
SAMPLE AVERAGES RELATIVE TO PlliESENT HORIZONTAL PLANE AND TRUE NORTH 
SAMPLE 
NUMBER 
VRl 
VR 2 
VR 3 
NUMBER OF 
SPECIMENS 
AVERAGED 
2 
5 
3 
MEAN 
AZIMUTH (I) 
204° 
45° 
46° 
MEAN DIP (i5) 
-10 
-13° 
-7 0 
MEAN INTENSITY 
(emu/cc) 
2.5 X 10-5 
3.7 X 10-5 
6.8 X 10-5 
Present direction of earth's field at the Virgin Rocks: 
A = 333°J b = 70° 
Direction of geocentric axial diploe field: 
A = 0°; D = 64i0 
TABLE 18 
SAMPLE AVERAGES AFTER TILT CORRECTION HAS BEEN APPLIED 
SAMPLE No. AZIMUTH DIP 
VRl 205° -11° 
VR 2 35° -26° 
VR 3 37° -23° 
~ 
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Fig. 16 1-iEAl~ DIREC.TIONS OF HAGNETIZATION OF SAHPLES 
FROJ.vl THE VIRGIN ROCKS . . 
E 
Solid symbols indicate north poles upward 
·Hollo\i symbols indicate north poles dol>~mrard 
A AT. Mean direction for VRa before and after tilt correction 
v 'VI' 1-'.i.ean direction for' VR 2 before and after tilt correction 
a r::/ l·:ean direction for VR l before and after tilt correction 
o Theoretical rod .. al dipole field at sampling site 0 Direction of the ·present geoma@1etic field at sampling site 
.. 
·' 
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6.6 Calculation of the palaeomagnetic pole 
From the corrected data, the mean direction of magnet-
ization for the 17-fathom shoal is 
where A and D are the mean azimuth and dip, respectively. 
The corresponding palaeomagnetic pole (Section J.S.J) is 
at 
where )1.' I and ~ are the present latitude and longitude, respect-
ively of the ancient pole, and the polarity is such that the 
magnetic north pole falls in the northern Hemisphere. 
6.7 Discussion of results 
6.7.1 Reliability of results 
As mentioned in Section ).6, a combined orientation and 
measure~e~~ror of J-5° is acceptable in palaeomagnetism. The 
results from the Virgin Rocks ~re not accurate to this level because 
the method of underwater orientation of samples had not yet been 
perfected when this initial collection was made, and the orientation 
marks on the rock surfaces are quoted to be accurate to 5-10° only 
(Deutsch and Lilly, to be published). 
:; 
~-
, 
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Moreover, the number of samples examined was very small. 
In proposing certain minimum criteria of reliability in palaeo-
magnetism, I""'ving (1964; p. 102) states: "No result is considered 
adequate unless it is based on consistent observations from 5 or 
more separately oriented samples". Clearly, it is not possible to 
attach much significance to the results from the Virgin Rocks, and 
no statistical parameters will be quoted. 
At the same time, recovery of these samples represents a 
pioneering applicatlon of the methods of underwater geology to 
palaeomagnetic sampling, and the shoal area of the continental shelf 
from which they were collected represent new territory for palaeo-
magnetic investigations. This endows the results obtained here with 
a special interest, despite the fact that they are inconclusive. 
Final palaeomagnetic conclusions must wait until the shoals have 
been studied in detail. 
·-·· 
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Inhomogeneity of magnetization of samples from the Virgin Rocks :: 
. -;: 
Table 16 shows that the magnetization in 5 out of the 8 
specimens from VRJ cannot be represented by a dipole. This may be 
due to the inhomogeneity of the brecciated rock which contains, 
along with inclusions of other composition, some granitic pebbles 
exceeding in volume that of a single cube. Although care wa~ taken 
to cut the cubes from the apparently least inhomogeneous region of 
each sample, this could not ensure that the distribution of the 
relevent ferromagnetic minerals would be always symmetrical. with 
respect to the cube axes. The inhomogeneous nature of VRJ was 
evident also from wide variations in its intensity of magnetization, 
: .-:; 
. . '::~ 
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J: e.g., two of the cubes from sample VR3 which did yield dipole 
directions and were originally about 15crns. apart in the rock 
' 
have intensities of 11 x 10-5 and 0.6 x 10-5e.m.u./cm3, respectively; 
in the ratio 18:1. 
6.7.3 Magnetization directions and stability 
While the palaeomagnetic directions are inconclusive for 
the reasons stated above, Table 16 shows that the remanent vectors in 
. o_~t-4.' nJ:nEY .. o·:~. 'ten specimens have low magnetic dips ranging from +3 5° to -35°; 
hence they make large angles with the present direction of the 
geomagnetic field at the Virgin Rocks locality and also with that 
of an axial geocentric dipole (see Fig. 16). This indicates at 
least partial stability. 
The NRM of specimen VR3 (8) was remeasured after about 5 
months' storage in the laboratory, with little change in the azimuth 
and dip. The specimen was then subjected to stepwise alternating 
. ' 
. · .. ~
.... 
;; 
field demagnetization in peak fields up to 324 oe. Treatment· at 27 ... , 
oe. caused no significant change in the direction of magnetization, 
while a 54 oe. field resulted in a change of the order of 10°. 
Subsequent storage in the earth's field, however, revealed that a 
VRM with low time-constant had been acquired, as the magnetization 
vector was then significantly deflected by the earth's field in the 
course of a few hours. Further treatment in a peak field of 80 oe. 
failed to remove this viscous component, but subsequent demagnet-
ization at 150 and 250 oe. caused the magnetization once more to 
assume directions with low dip, though appreciably different from 
.; 
i"· 
,, 
, 
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that of the NRM before demagnetization. Finally, continuation of 
the treatment at 324 oe. resulted in a further deflection of the 
magnetization vector by 30° or so, suggesting that part of the VRM 
remained. 
The above tests confirm that the NRM before demagnetizaton 
was at least partially stable. A more conclusive result should be 
obtainable from a combination of thermal and alternating field 
. -~-~ 
i? 
.·:.-: 
.: -;i 
:.i 
demagnetization of these rocks; e.g. As and Zijderveld (1958) found ') ., 
, .; 
that treatment in a maximum a.c. field of 300 oe. combined with 
thermal demagnetization up to 150°0 was sufficient to remove un-
stable components in the rock samples they studied. 
: ·: 
After tilt correction, all samples have low upward dips 
(Table 18), but while the directions of VR2 and VRJ agree very 
closely with one another, their azimuths are quite different from 
that of VRl. This discrepancy may be related to the fact that the 
stri~e and dip measured at the 9-fathom shoal were anomalous 
(Section 6.2). 
Pending a complete palaeomagnetic study of the Virgin 
Rocks it is of interest to compare briefly the ancient pole position 
' . 
(23D.N, 91°E) that would correspond to the mean direction of 
magnetization of the 17-fathom shoal (Section 6.6) with that 
inferred by Nairn et al (1959) from late Precambrian roCks on the 
Avalon Peninsula (11 N, 122 W). While both poles are in low 
latitudes, the co-ordinates of the latter depart rather widely from 
-. those inferred at the shoal or even from the pole position antipodal 
·' ·· ... -~ • .. . ~ · . 
:< 
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Despite their inconclusive nature, these results are 
somewhat encouraging, because they suggest that the magnetizatbn 
of the rocks is at least partially stable, while greatly diverging 
in direction from that of the present earth field. This, together 
with the fact that the recovery of oriented bedrock samples from 
high shoals far from land had been demonstrated, should justify 
confidence in the results of greatly amplified palaeomagnetic studies 
on the Grand Banks. 
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SUMMARY AND CONCLUSIONS 
Instrumentation 
The design of an astatic magnetometer suitable for the 
measurement of weak remanent magnetization in rock specimens has 
been discussed. Along with high sensitivity, a practical instru-
ment should have a relatively low period T and a high P/I ratio, 
where P is the magnetic moment of either magnet in the astatic 
system and I the total moment of inertia of the system. Sensitivity, 
T and P/I are not ind'ependent quantities, and the actual design 
must involve some compromise. 
In the present case, P/I was made large through choice of 
magnets composed of a material (•Magnadur J') having large specific 
dipole moment while being magnetized transversely to their long 
axes. This means that P is large, while I can be reduced drastically 
because of the vertical mounting of such magnets. The inertia was 
further reduced by careful design of the frame and mirror of the 
astatic system. 'Magnadur 3' proved superior to such materials as 
Alcomax IV and Ferroxdure traditionally used in astatic systems 
(e.g. Blackett, 1952; Roy, 1963), by allowing the magnets to attain 
larger specific dipole moments in the transverse direction; more-
over its unusually large coercive force (H:c :::: 3000 oe.) tends to 
give them great stability in the presence of demagnetizing fields. 
In the completed instrument P/I was found to be 1.35 x 10J c.g.s. 
167 
units. 
An astaticism of 6000 or more was achieved with the aid 
of small magnetized particles of 11Magnadur J" which were placed 
directly upon the magnet surfaces in appropriate positions. This 
removed much of the awkwardness involved in the use of "trimming 
magnets" apart from the advantage of using material of high 
coercive force. 
After construction of the magnetometer, including three 
orthogonal sets of Helmholtz .coils for nulling the earth's field, 
the instrument was installed in a laboratory in the second floor 
of the Science Building where permanent magnetic field gradients 
and disturbances from time-varying d.c. fields appeared to be at a 
minimum. Even so, the location was not sufficiently quiet magnet-
ically to have made it practical to aim for the highest sensitivity. 
Using a gold ribbon suspension of torsion constant ~ = 1.41 x 
lo-2 dyne-cm/rad, the actual reciprocal sensitivity was ).9 x 10-7 
oe. per mm deflection at 1.8 m. distance to the scale with T = 4.6 
sec. However, this permitted the remanent magnetization of specimens 
with minimum intensity J = 1 x 10-5 e.m.u./cm to be measured 
quickly and accurately. 
When required, one can easily increase the sensitivity 
without changing the design of the astatic system, by substituting 
a thinner or longer suspension fibre, or by increasing the magnet-
ometer-scale distance. Because of the large P/I value even a ten-
fold increase in sensi ti vi ty, permitting measurement o·f the more 
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weakly magnetic sedimentary rocks, can be accomplished with 
relatively short period (T < 15 ) sec •• 
After the magnetometer had been installed it was dis-
covered that short-period mechanical vibrations transmitted through 
the weak floor of the laboratory caused the light spot at the scale 
to oscillate With several mm. amplitude; this made it impossible 
to operate the instrument. The magnetometer was therefore fitted 
with a specially designed, top-heavy spring suspension to lengthen 
the natural period. This modification succeeded in virtually 
eliminating all vibrations of the light spot. 
Palaeomagnetic investigations 
Oriented rock samples were collected from various parts 
of Newfoundland for the palaeomagnetic investigations. 
Remanent magnetization directions and intensities of 28 
basalt samples from Henley Harbour and Table Head on the Labrador 
coast were measured with the astatic magnetometer, and a Fisher 
analysis was perfonned. The mean direction of NRM was A= 21.2°, 
D = 76.5° with K = Ltr·o and oe9 5 = 7. 6°. This corresponds to a 
position of the geomsgnetic pole at the present co-ordinates: 
74°N, 22°W. This is too far from the polar wandering curve relative 
to North America and suggests that the magnetization vectors in 
these rocks may have been pulled towards alignment with the earth 
field long after deposition of the basalt. The presence of an 
unstable component is also suggested by the relatively small angle 
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between the mean magnetization direction and that of the present 
earth's field or axial dipole field. 
On the other hand, alternating field demagnetization 
tests carried out on some specimens showed the NRM to be mostly 
stable, while thin sections from two basalt specimens revealed that 
hematite, probably of low temperature, secondary origin, was much 
more prominent than magnetite. Pending confirmation of these 
results by further studies, it was concluded that the observed ~1 
could contain a prominent hard component of post-depositional origin, 
for the destruction of which, and the unmasking of any primary TRM 
residing in the magnetite, thermal demagnetization may be required. 
The NRM of three samples of sedimentary rock (arkose) 
underlying the basalt, has been measured. The directions (reported 
in Table 6A) are very similar to those of the overlying basalts, 
but no significant conclusions can be drawn from this result · , as 
the number of samples studied are few. 
Preliminary palaeomagnetic investigations of some grey 
and red argillite samples from three localities in Springdale area 
of north-central Newfoundland are also reported in this thesis. 
The rocks are of Ordovician age and relatively unmetamorphosed. 
The magnetic dip0 relative to the bedding planes are always low, 
suggesting that the _rocks, at the time of their magnetization, were 
in low latitudes. Assuming that the beds have not rotated about a 
vertical axis, the mean magnetization di.;~ctions at the three s i tes 
would correspond to ancient poles at low latitude, but dif fering 
... .. ' ···~" .- ........... , ...... . 
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widely in longitude both from one another and from the single 
Ordovician result relative to North America (Collinson and Runcorn, 
1960). The NRM of a few specimens, subjected to alternating field 
demagnetization, proved to be moderately stable in fields up to 
324oe, but the study of both the remanent magnetization and of its 
stability, will have to be greatly enlarged in scope before reliable 
palaeomagnetic conclusions can be drawn. 
1-'U~ 
Palaeomagnetism of the samples of microbreccia from the 
Virgin Rocks shoals of the Grand Banks of Newfoundland are also 
reported. The investigations appear to be the first reported 
palaeomagnetic measurements of underwater bed-rock samples, though 
deep-sea unconsolidated samples have been studied palaeomagnetically. 
Most of the specimens cut from one of the samples, were found to be 
too inhomogeneous in their magnetization to permit the ~i to be 
measured, but the directions obtained in all other cases made 
significantly large angles with the present earth's field direction. 
\~ile this indicates partial stability, further work with a much 
larger collection from the Virgin Rocks is needed to draw any 
significant conclusions. 
Scope for further work 
The interesting results obtained from the present study, 
warrant the continuation of the various projects initiated in this 
study. The following approach to future investigations may be 
suggested. 
a) Magnetometer: The astatic magnetometer in its present position 
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on the 2nd floor is not conveniently placed, as mentioned before. ~ 
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In order to permit operation of the instrument at increased 
sensitivity, it should be placed in a basement room as far as 
possible from all magnetic materials, d.c. and a.c. sources, etc. 
The best environment would be in a non-magnetic hut in a relatively 
isolated location, though this is not essential. Procedures for 
improving the sensitivity have already been discussed. 
b) Remanent magnetizatio·n measurements: The NRM measurements 
reported in this thesis are not fully confirmed for two reasons: 
(1) Enough samples have not been measured in the case of the Virgin 
the. 
Rocks and Springdale localities, (2) In the case of Labrador 
~ tke. Srll.'-~ate. ,..oc.k? A 
basalts, the closeness of the measured mean direction to the present 
.. . 
geomagnetic field direction makes it especially important to 
establish stability; the presence of a strong viscous component ~ 
C~.-C.cvcA~ 4"1.~7e~ tn.e roc~e...s we.M. fro'l.~ 
to the~reaen:&·!41-i-ree-M.-on---e£--tf:l.e earth' o field cannot be ruled out. 
In the opinion of Clifford (1965), the basalts at Cloud 
Mountain on the Northern Peninsula of Newfoundland are of the same 
age as the Labrador Coast basalts, because of the close similarity 
in the sequence of rocks at both localities, and their association 
with. rocks of known Cambrian age. A study of the NRM and stability 
of the basalts and sediments at Cloud Mountain, and of a statis-
tically adequate suite of sedimentary rocks underlying the Labrador 
basalts could lead to significant conclusions on the still undecided 
problems regarding the age of these rocks and the ancient geography 
of the region under study. 
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